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Abstract
The high-speed flow in the wake of the propeller also known as propeller wash, or simply propwash, can
severely affect the aerodynamic forces on a lifting surface. Steady-state computational results for a symmetric
SD8020 airfoil with chord length of 1 ft in a propeller slipstream at a freestream Reynolds number of 100,000
are presented in this study. ANSYS FLUENT was used to solve the flow equations inside the control
volume. For the two-dimensional analysis, the propeller was modeled as an actuator line across which the
nondimensionalized pressure jump was varied from 3.4 to 13.6. The aerodynamic performance was obtained
for the airfoil in configurations with varying horizontal and vertical distance between the actuator line
center and airfoil leading edge as well as different diameter-to-chord ratios. As compared with the clean
configuration, the lift coefficient and drag coefficient increased by a factor of 5 and 25, respectively, for the
slipstream with the highest pressure jump case. The two-dimensional lift curve remained linear throughout
the angle of attack range from 0 to 12 deg, and aerodynamic stall was not observed for the computed cases.
In general, reducing the diameter-to-chord ratio and shifting the airfoil downstream improved aerodynamic
performance. Vertical offset in the airfoil location affected the local flow due to the slipstream and resulted
in a low wing configuration producing high lift, and low drag relative to the baseline configuration. Three-
dimensional simulations were performed with a circular actuator disk and a rectangular span lifting surface
with a semi-span of 1 ft. Due to the wall mirroring effect, the setup simulated a system with infinite propellers
upstream of a lifting surface with infinite span. A high spanwise variation of lift in the slipstream shear
layer resulted in induced trailing vortices. The trailing vortices caused downwash on the sections within the
slipstream flow and upwash on the sections located outside the slipstream which led to an early onset of stall
on the outboard sections.
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Symbols
A′ = axial force per unit span
A′f = axial force due to friction per unit span
A′p = axial force due to pressure per unit span
b = lifting surface span
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)
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)
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)
CD = three-dimensional drag coefficient
(
D
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2S
)
Cd = two-dimensional drag coefficient
(
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)
Cd,f = two-dimensional drag coefficient due to friction force
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)
Cd,p = two-dimensional drag coefficient due to pressure force
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Cf = skin friction coefficient
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2
)
CL = three-dimensional lift coefficient
(
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2S
)
Cl = two-dimensional lift coefficient
(
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)
Cl,f = two-dimensional lift coefficient due to friction force
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)
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Cn,f = normal force coefficient due to friction force
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2c
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2
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CT = thrust coefficient
(
T
ρn2DA4
)
c = chord
D = drag force
xv
D′ = drag force per unit span
D′f = drag force due to friction per unit span
D′p = drag force due to pressure per unit span
D′i = induced drag force per unit span
DA = actuator disk diameter
d = slipstream contraction ratio
h = vertical offset of the airfoil from the actuator line center
L = lift force
L′ = lift force per unit span
L′f = lift force due to friction per unit span
L′p = lift force due to pressure per unit span
l = distance between airfoil leading edge and center of actuator line
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Chapter 1
Introduction
There has been a steady growth in demand for small-scale unmanned aerial vehicles (UAVs) and micro aerial
vehicles (MAVs) in the last two decades due to a breakthrough in miniature electronic components. Building
and flying UAVs in the form of remote-controlled (R/C) aircraft has become a popular hobby amongst many
people. Small-scale UAVs also find interesting military and civilian applications such as carrying payloads or
undertaking surveillance and reconnaissance missions. Generally, UAVs or MAVs have a fixed-wing aircraft
configuration, with a propeller attached to a motor fulfilling the job of providing thrust. The propeller is
located at the nose of the UAV or upstream of the lifting surface in a tractor configuration. For better design
and performance of UAVs, an understanding of the full-envelope aircraft flight dynamics and aerodynamic
performance has been a subject of growing interest [1].
UAVs and MAVs have a flight regime in low Reynolds number range between 30,000 and 300,000 [2].
Wings of UAVs and MAVs also have low-to-moderate aspect ratio between two and five [2]. Thus, the
flowfield over the wing of a UAV or MAV is complicated by the slipstream from a forward-mounted propeller
over a low-aspect-ratio wing [2] and low Reynolds number effects. Since a major section of UAV wings lie in
the wake of a propeller, the aerodynamic performance and stability characteristics are significantly affected
by the propeller wash. For a fixed-wing aircraft with a tractor propeller configuration, the integration aspect
which has the greatest impact on overall aerodynamic performance is the interaction between propeller and
wing [3].
Recent experimental studies on slipstream effects of propellers on wings in low Reynolds number flow
have shown significant performance benefits [4, 5]. The aerodynamic coefficients of a lifting surface in low
Reynolds number flow are dictated primarily by the formation, movement, and bursting of the laminar
separation bubble [2]. Performance gains due to propeller/wing interaction in this flow regime are partially
attributed to the absence of a laminar-separation bubble, thus resulting in improved aerodynamic efficiency
and delayed stall [5, 6]. Figure 1.1 shows the upper surface flow visualization of a rectangular wing at an
angle of attack of 9 deg and 14 deg, in the presence of a propeller slipstream and at a Reynolds number
of 60,000. The sections of the wing located in the wake of the propeller do not form a laminar separation
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(a) (b)
Figure 1.1: Upper surface oil flow visualization of the Wortmann FX 63-137 A 4 wing at Re of 60,000 in
the presence of a propeller slipstream indicating the absence of laminar separation bubble at (a) α = 9 deg
and (b) α = 14 deg [5].
bubble, as indicated in Fig. 1.1. Due to the presence of a propeller upstream of the airfoil sections, the
laminar separation bubble no longer exists, and the boundary layer on these sections is primarily turbulent.
Thus, computational flow solvers that model the boundary layer as completely turbulent can be utilized to
obtain the flowfield around the lifting surface. It is important to note that the sections located outside the
slipstream undergo laminar separation bubble formation as marked in Fig. 1.1.
The slipstream flow of a propeller is simplified by considering two primary components of induced velocity
as shown in Fig. 1.2. The axial velocity component is mainly steady and is accurately predicted by inviscid
theories such as the actuator disk theory, but the tangential component of the induced velocity (swirl of
the propeller) is an unsteady phenomenon due to propeller rotation. When a lifting surface is located
downstream of a propeller, these induced velocity components can significantly alter the aerodynamic forces
on the lifting surface [3, 7, 8, 9, 10, 11]. The lift and drag force on the lifting surface are directly affected by the
increase in dynamic pressure due to the axial component of the induced velocity. The tangential component
of the induced velocity as seen by the lifting surface changes with time. The downward-moving blade of
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Figure 1.2: The two induced velocity components of the propeller on the wing: (a) axial and (b) swirl as
taken from Ref. [3].
the propeller, induces a downward component of velocity reducing lift on the section of the wing directly
downstream of the propeller, while the upward-moving blade induces an upward component of velocity and
increases lift on the affected section. As a result, the lift continuously changes over one complete rotation.
On the contrary, the presence of the lifting surface does not significantly influence the performance of the
propeller blade as shown by both experimental and computational studies [12, 13].
The use of small distributed propellers upstream of the wing leads to an increase in aerodynamic lift
[14, 15, 16, 17]. The performance benefits of these wings are directly applicable to the takeoff and landing
flight regimes due to a higher achievable lift curve slope and CLmax . However, recent computational studies
have shown an increase in aerodynamic drag of the wing due to slipstreams effects [16, 17]. Wingtip-mounted
propellers which improve the aerodynamic efficiency of the wing [18, 19] can be used to provide thrust during
the cruise stage with additional inbound propellers shut and folded [16]. Preliminary wing design and aircraft
performance tools for V/STOL aircraft with distributed propeller system such as those developed by Bronz
et al. [20] require a better theory to understand the aerodynamic interaction between a propeller and a
wing.
The objective of this study was to carry out a simplified analysis of slipstream effects on a lifting surface to
better understand the phenomenon of propeller/wing interaction. Two-dimensional computational methods
were implemented to determine the reason for an increase in the magnitude of the aerodynamic coefficients
due to the slipstream of an actuator disk line on a symmetric SD8020 airfoil. Various geometric configurations
of the airfoil and the actuator line were analyzed using velocity contours, pressure forces, and aerodynamic
coefficients. The strength of the slipstream, the horizontal and vertical distance between the actuator
line and the airfoil, and the diameter-to-chord ratio were varied along with the angle of attack to capture
aerodynamic effects resulting in performance change of the lifting surface due to the slipstream. In order
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to capture the impact of the slipstream on the spanwise variation of the lift and drag coefficients, three-
dimensional analyses with a circular actuator disk and rectangular span lifting surface were carried out.
During the three-dimensional analysis, only the strength of the actuator disk slipstream was varied along
with the angle of attack.
Additionally, this project has aimed to identify the relation between aerodynamic coefficients of the
lifting surface due to pressure and friction force with the angle of attack in different geometric configurations
both in two-dimensional and three-dimensional geometry setup. A comparison of the coefficients in the
slipstream with the baseline configuration gave an in-depth understanding of the aerodynamic interaction
between the propeller and the wing. The overall analysis is broken down into two broad studies classified
as two-dimensional and three-dimensional. The approach of the analysis along with results and discussions
are presented in the following chapters.
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Chapter 2
Overview of ANSYS FLUENT
The commercially available CFD software, ANSYS FLUENT [23], can be used to analyze fluid flows around
various geometries using a number of complex physical models. The solver is included within the ANSYS
Workbench software which consists of the mesh generator, ICEM CFD with advanced meshing capabilities,
the inbuilt geometry editor, ANSYS Geometry that can import all major CAD files, and the post-processing
software, CFD-post. For this study, only the flow solver, FLUENT, and the mesh generator, ICEM CFD,
were used from the ANSYS package. MATLAB and Tecplot were used for post-processing. The features of
ICEM CFD and ANSYS FLUENT are discussed below.
2.1 Grid Generator
ICEMCFD is capable of generating computational meshes around complex geometries in both two-dimensional
and three-dimensional domains. The primary elements can be composed of various shapes such as quadri-
laterals and triangles in two-dimensions, and hexahedrons, tetrahedrons, polyhedrons, and prisms in three-
dimensions. It is capable of generating both structured and unstructured grids. The process of developing
a structured grid is by creating blocks. The blocks must be properly aligned with the geometry edges and
can be cut into smaller blocks to capture the curvature of the geometry. It is important to establish the
correct meshing strategy and decide the type of grid necessary to generate a high-quality mesh around the
geometry. The grid manipulation tools available in ICEM CFD make it easy to create multi-block grids such
as O-grids, C-grids or the H-grids around the geometry of concern. The number of cells and the specific
heights can be modified very easily for complex geometries which prove to be useful in generating viscous
grids near the wall surface.
The unstructured grid generation is based on the Advancing Front Method for generation of viscous cells.
In order to resolve the velocity gradient due to boundary layer effects near the wall surface, a high-density
structured quadrilateral mesh is created normal to the wall. Unstructured triangular cells evolve from these
cells accumulating the control volume around the geometry of concern based on the marching grid process.
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For the current study, a structured grid consisting of quadrilateral elements for two-dimensional geometry
and hexahedral elements for three-dimensional geometry were generated in a C-grid type blocking strategy.
The advantages of structured grids over unstructured grids lie in the fact that structured grids give better
control over the mesh. In order to account for different configurations of the geometry and the resulting mesh,
it was necessary to automate the grid generation process. The automation was possible through scripts in
ICEM CFD which were particularly easy to edit for structured meshes. It was also observed that structured
grids gave faster solution convergence as compared with unstructured grids. As a result, structured grids
were preferred.
2.2 Flow Solver
ANSYS FLUENT is a hybrid grid parallelized structured and unstructured node-based solver. It is capable of
obtaining solutions using various schemes such as Reynolds Averaged Navier-Stokes, Large Eddy Simulation,
and Detached Eddy Simulation. ANSYS FLUENT consists of the pressure based and the density based
solver. The velocity field is calculated from the momentum equations in both the solvers. By solving a
pressure or pressure correction equation obtained by manipulating the continuity and momentum equations,
the pressure field is obtained in the pressure-based solver. However, in the density-based solver, the density
field is derived from the continuity equation, and the pressure field is calculated using the equation of state.
Several turbulence models are available in FLUENT: the Spalart Allmaras, the k-, and the k-ω. Models
which consider boundary layer transition are also available; however, they were not utilized in this study
and hence will not be mentioned. Each turbulence model uses a different scheme for solving the governing
equations based on their structure. The choice of a turbulence model is dependent on the problem of concern,
desired accuracy level, available computational resources and the physics of the problem. For the current
study, since the boundary layer on the lifting surface is completely turbulent, models without boundary layer
transition were selected for the turbulence model study described as in the next section.
FLUENT accepts structured and unstructured grids generated by ICEM CFD. Various boundary condi-
tions set in ICEM CFD can be directly imported into ANSYS FLUENT. Some of the boundary conditions
used for the current study include velocity inlet, pressure outlet, no-slip wall, symmetry and the fan bound-
ary condition. In order to make sure that the final solution is not a function of the grid, it was important
to carry out a grid convergence study. The specific details and approach of the grid convergence study are
mentioned in the following section.
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Chapter 3
Two-dimensional Analysis
Computational aerodynamic analysis of the SD8020 airfoil was carried out in the presence of a slipstream
using ANSYS FLUENT. The current chapter discusses the approach taken to solve the problem which
includes development of the control volume and propeller boundary conditions, aerodynamic coefficients
used to quantify the airfoil performance, and the geometric parameters that were varied to capture different
slipstream effects. The chapter also includes a brief discussion on the grid convergence study and the
turbulence model selection study.
3.1 Approach
3.1.1 Airfoil Geometry
The SD8020 airfoil is a low Reynolds number airfoil primarily used on tail surfaces [22]. The original data
file of the airfoil coordinates obtained from UIUC airfoil database contained 61 points. Figure 3.1 shows the
plot of the SD8020 airfoil using the original 61 points. The first layer of mesh around the airfoil geometry
needs to be smooth and have high orthogonal quality. Hence, it was necessary to have smooth airfoil edges
as compared to faceted edges. Figure 3.2 shows the comparison of faceted and b-spline interpolation around
the airfoil leading edge.
0.0 0.2 0.4 0.6 0.8 1.0
x
-0.15
0
0.15
y
Figure 3.1: Original SD8020 airfoil geometry obtained from UIUC airfoil database [22].
Firstly, the CADD function in XFOIL was used to smooth the airfoil edges by reducing the corner angle,
θcorner, (shown in Fig. 3.3) between the adjacent facets of the airfoil edge. Secondly, the PPAR function
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Figure 3.2: Interpolation of airfoil surface around the leading edge (2% chord shown) with (a) facets and
(b) b-spline.
Figure 3.3: Corner angle between two adjacent facets along the airfoil leading edge (stretched along x
direction to exaggerate θcorner).
was used to respline the airfoil edge by adding 100 more points. B-spline interpolation in ICEM CFD was
used on the airfoil coordinates to generate a smooth spline along the airfoil edge. The process mentioned
above on the airfoil geometry ensured a high orthogonal quality on the first layer of the mesh and smooth
Cp curves. The original coordinates and the modified airfoil coordinates are shown in Appendix A.
3.1.2 Propeller model
The propeller was modeled as an interface with a pressure jump as is the case in actuator disk theory.
The fan boundary condition available in ANSYS FLUENT at the location of actuator disk line was used
to specify the value of the pressure jump across the disk. From here on, the propeller is referred to as an
actuator line for the two-dimensional analysis and as an actuator disk for the three-dimensional analysis. In
order to observe strong slipstream effects on the airfoil, the diameter-to-chord ratio was set to unity for the
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initial study. Based on the pressure jump, the amount of thrust generated by the propeller is given by
T = pi
(
DA
2
)2
∆P (3.1)
The thrust generated by the propeller can be nondimensionalized using the rotation rate and diameter. The
thrust coefficient is defined as
CT =
T
ρn2DA
4 (3.2)
The advance ratio of the propeller is the ratio of freestream velocity to the tip speed and is given by
J =
V∞
nDA
(3.3)
The induced axial velocity by the propeller can be calculated by actuator disk theory as
w =
1
2
(
−V∞ +
√
V∞2 +
2∆P
ρ
)
(3.4)
A higher value of pressure jump produces a stronger induced velocity downstream of the actuator line. For
a pressure jump value of 2 lb/ft2 and freestream velocity of 15.72 ft/s (corresponding to Re of 100,000 and
unit chord), the slipstream velocity as given by V∞ + 2w can be three times the velocity of the freestream
flow. The values of J and CT can be obtained by assuming a reasonable propeller speed. Table 3.1 shows
the summary of the above analysis performed at ∆P values of 1, 2, and 4 lb/ft2 along with the freestream
conditions. The pressure jump across the actuator line is nondimensionalized using the freestream dynamic
pressure and termed as ∆Cp and given by
∆Cp =
∆P
1
2ρV
2∞
(3.5)
Table 3.1 shows that the current setup can simulate a real propeller with CT values very close to the
experimental values of small propellers at a given J [21]. For the purposes of this study, the configuration
without the propeller is termed as “clean” and serves as the baseline for comparison during the initial study.
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Table 3.1: Summary of Actuator Disk Analysis of the Current Setup
V∞ ρ P∞ ∆P ∆Cp Ω CT J w
(ft/s) (lb/ft3) (lb/in2) (lb/ft2) (RPM) (ft/s)
15.72 2.38× 10−3 14.7 1 3.4 3,500 0.10 0.27 8.6
15.72 2.38× 10−3 14.7 2 6.8 4,700 0.11 0.20 14.1
15.72 2.38× 10−3 14.7 4 13.6 6,000 0.13 0.16 22.2
3.1.3 Aerodynamic Coefficients
Once the computational solution is obtained, the aerodynamic coefficients can be obtained using the Cp and
Cf distributions along the airfoil. The normal and axial force coefficients of the airfoil are calculated using
Cn,p =
∫ 1
0
(Cp,ls − Cp,us) d
(x
c
)
(3.6a)
Cn,f =
∫ 1
0
(Cf,ls + Cf,us) d
(y
c
)
(3.6b)
Ca,p =
∫ 1
0
(Cp,ls − Cp,us) d
(y
c
)
(3.6c)
Ca,f =
∫ 1
0
(Cf,ls + Cf,us) d
(x
c
)
(3.6d)
in which Cp,ls and Cf,ls are pressure and skin friction coefficients on the lower surface, and Cp,us and Cf,us
are pressure and skin friction coefficients on the upper surface of the airfoil, respectively. The normal and
axial force coefficients obtained by using the pressure coefficients are Cn,p and Ca,p, and hence lift and drag
coefficients obtained from these are called the pressure lift coefficient Cl,p and pressure drag coefficient Cd,p
respectively. Similarly, Cn,f and Ca,f yield the friction lift coefficient Cl,f and friction drag coefficient Cd,f .
The chordwise axial and normal forces are resolved in the direction parallel and perpendicular to
freestream to calculate lift and drag forces using the airfoil angle of attack. Non-dimensionalization of
the forces is done using the freestream dynamic pressure and airfoil chord length to obtain the aerodynamic
coefficients. Expressions for the pressure lift and pressure drag coefficient as well as the friction lift and
friction drag coefficient as obtained from the respective normal and axial force coefficients are given by
Cl,p = Cn,p cosα − Ca,p sinα (3.7a)
Cl,f = Cn,f cosα − Ca,f sinα (3.7b)
Cd,p = Cn,p sinα + Ca,p cosα (3.7c)
Cd,f = Cn,f sinα + Ca,f cosα (3.7d)
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Figure 3.4: Location of different stations relative to the airfoil leading edge where various flow properties
were obtained.
The airfoil lift coefficient Cl and drag coefficient Cd can be obtained from
Cl = Cl,p + Cl,f (3.8a)
Cd = Cd,p + Cd,f (3.8b)
Some of the flow properties in the wake also give an in-depth understanding about the aerodynamic
performance of the lifting surface due to the slipstream. As a result, three flow properties discussed below
were calculated using the total pressure, static pressure, and the velocity magnitude during post-processing
at five different stations located in the wake of the airfoil, and one station located upstream of the airfoil.
Figure 3.4 shows the x location of the downstream stations relative to the airfoil leading edge in terms of
airfoil chord length c. The first property, termed as the nondimensionalized total pressure difference is given
by
∆P0 =
P0ws − P0∞
1
2ρV
2∞
(3.9)
where P0ws is the total pressure measured at a particular wake station and P0∞ is the freestream total
pressure measured far upstream of the airfoil. The difference is nondimensionalized using the freestream
dynamic pressure. The next important property is the nondimensionalized velocity profile in the wake given
by
V =
Vws
V∞
(3.10)
where Vws is the velocity magnitude measured at a particular wake station and V∞ is the velocity of the
freestream flow. The last property calculated is the nondimensionalized static pressure given by
P =
Pws
P∞
(3.11)
where Pws is the static pressure measured at a particular wake station and P∞ is the freestream static
pressure.
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Figure 3.5: Distances used to calculate the slipstream contraction ratio using the two slipstream edges.
3.1.4 Slipstream Contraction
The aerodynamic coefficients capture the performance change of the airfoil due to the slipstream. In essence,
they help understand the different aerodynamic effects occurring on the lifting surface due to the propeller
slipstream. However, it is also important to comprehend the effect of the lifting surface on the slipstream.
As a result, a new measurement quantity termed as the slipstream contraction ratio, d, was developed to
measure the amount of contraction a slipstream undergoes as it flows past the lifting surface. Let d1 be the
height of the upper slipstream edge from the x axis at the location of the airfoil leading edge, as shown in
Fig. 3.5. In order to capture the contraction of the slipstream due to the airfoil, a fixed x location along the
airfoil had to be selected where the slipstream height could be measured. The maximum thickness location
of the airfoil was expected to have the most significant impact on the slipstream flow. Hence, d2 was chosen
to be the height of the upper slipstream edge at the location of the maximum airfoil thickness. If DA is the
diameter of the actuator line, then the slipstream contraction ratio for the upper surface is given by
dus =
d2 − d1
DA/2
(3.12)
Similarly, the slipstream contraction ratio on the lower surface is obtained using d3 and d4 as
dls =
d4 − d3
DA/2
(3.13)
A positive value of d represents slipstream expansion and a negative d represents slipstream contraction.
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Figure 3.6: Schematic of the airfoil and actuator line geometry with labeled outer boundary conditions.
3.1.5 Control Volume
Figure 3.6 shows the computational domain around the airfoil and actuator line (in the center) along with
the labeled external boundary conditions. The airfoil of chord length c, is vertically located along the center
of the actuator line, and the leading edge is shifted horizontally by a distance of 0.25c in the downstream
direction. Velocity inlet boundary conditions were used to specify the components of the freestream velocity
based on Reynolds number and angle of attack. For future purposes of replicating the current study inside a
wind tunnel, the turbulence intensity at the inlet in the CFD computations was set to a value of 0.01%. Far
downstream of the airfoil, a pressure outlet boundary condition was used at the outlet of the computational
domain to specify P∞. Both the actuator line and the airfoil are assumed to be fixed to a particular airframe
and hence rotate together with a change in the angle of attack. Instead of changing the geometry in the
computational domain, the freestream velocity components in the x and y direction were specified at the
velocity inlet boundaries to account for changes in the angle of attack. The domain extends 12c downstream
of the actuator line and 10c upstream. Along the y direction, the domain extends ±10DA from the center
of the actuator line. A Reynolds number of 101,700 was used for validation studies due to the availability
of experimental data, and a Reynolds number of 100,000 was used for all the remaining cases.
3.1.6 Parametric Study
In order to obtain a thorough understanding of various aerodynamic effects that could take place on the
lifting surface due to the propeller slipstream, it was necessary to analyze the airfoil and the actuator line
in different configurations. Apart from the pressure jump across the actuator line, three critical geometric
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Figure 3.7: Schematic of the airfoil and actuator line geometry with labeled geometric parameters.
parameters were identified that could change the airfoil performance. These three parameters are shown in
Fig. 3.7 along with the airfoil. The first geometric parameter was the diameter of the actuator line termed
as DA. The second parameter is the downstream perpendicular distance between the airfoil leading edge
and the actuator line termed as l. The third geometric parameter is the perpendicular distance between the
airfoil chord and the center of the actuator line termed as h.
It is important to nondimensionalize these parameters using suitable units of length. DA and l are
nondimensionalized using the airfoil chord length c. Using the airfoil chord length gives an understanding
of the size of the actuator line or how far downstream the airfoil is, relative to the airfoil chord. It makes
the intuitive understanding of these parameters very easy. The last parameter h was nondimensionalized
using the actuator line diameter. Using the diameter gives an intuitive understanding of how far the airfoil
is shifted up or down relative to the edges or the center of the actuator line. The coordinate system for l
and h is such that the origin lies at the center of the actuator line. The parameter l is positive along the
positive x direction, and similarly, the parameter h is positive along the positive y direction. It is important
to note that each parameter was analyzed independently of other parameters.
Table 3.2–3.5 represent the test matrix with a total of 15 different parametric cases with their respective
names and parameter values. The cases in bold are cases with the same parameter values and form the
baseline for comparison of different aerodynamic coefficients. The angle of attack for cases AA-000 to AA-
003 was varied from 0 to 12 deg in steps of 4 deg. For the cases AA-004, to AA-015, the angle of attack was
changed from 0 to 8 deg in steps of 4 deg. Generation of the mesh for all the cases was automated using
scripts in ICEM CFD which were modified slightly only in terms of the parameter value.
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Table 3.2: Names of Parametric Cases Corresponding to Different Values of ∆CP
Configuration ∆Cp DA/c l/c h/DA Re
AA-000 clean 0 0 0 100,000
AA-001 3.4 1 0.25 0 100,000
AA-002 6.8 1 0.25 0 100,000
AA-003 13.6 1 0.25 0 100,000
Table 3.3: Names of Parametric Cases Corresponding to Different Values of DA/c
Configuration ∆Cp DA/c l/c h/DA Re
AA-004 6.8 0.50 0.25 0 100,000
AA-005 6.8 0.75 0.25 0 100,000
AA-002 6.8 1.00 0.25 0 100,000
AA-006 6.8 1.50 0.25 0 100,000
Table 3.4: Names of Parametric Cases Corresponding to Different Values of l/c
Configuration ∆Cp DA/c l/c h/DA Re
AA-007 6.8 1 0.125 0 100,000
AA-002 6.8 1 0.250 0 100,000
AA-008 6.8 1 0.500 0 100,000
AA-009 6.8 1 0.750 0 100,000
AA-010 6.8 1 1.000 0 100,000
Table 3.5: Names of Parametric Cases Corresponding to Different Values of h/DA
Configuration ∆Cp DA/c l/c h/DA Re
AA-011 6.8 1 0.25 −0.250 100,000
AA-012 6.8 1 0.25 −0.125 100,000
AA-002 6.8 1 0.25 0.000 100,000
AA-013 6.8 1 0.25 0.125 100,000
AA-014 6.8 1 0.25 0.250 100,000
3.2 Grid Convergence Study
A grid convergence study was performed by generating three structured C-grids consisting of only quadri-
lateral elements around the SD8020 airfoil in a clean configuration (no actuator line). The grid growth rate
and the number of elements in the viscous boundary layer were the grid parameters that were varied to
generate the three grids, and the details of the three grids are presented in Table 3.6.
Figure 3.8 shows the grids around the leading edge with 5% chord and trailing edge with 0.7% chord of
the airfoil. In order to accurately resolve the boundary layer flow and be compatible with the turbulence
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Figure 3.8: Grid around the leading edge of the airfoil with (a) coarse, (b) medium, and (c) fine density
(forward 5% of the airfoil); trailing edge region with (d) coarse, (e) medium, and (f) fine density (aft 0.7%
of the airfoil).
models, the maximum wall y+ was kept at less than unity for all the three grids. Approximately 150 layers
were generated in the boundary layer regions near the airfoil surface and the layers were tightly stacked
to maintain high resolution. Steady-state simulations using the SST k-ω turbulence model were run at a
freestream Reynolds number of 101,700 and an angle of attack of 2.69 deg for which experimental data was
available [22].
A Grid Convergence Index (GCI) can be used to calculate the order of convergence [24]. This method
provides an estimate of uncertainty in the converged solution and also indicates how the solution will change
Table 3.6: Grid Parameters for Grid Convergence Study
Grid Number Grid Number of Cells Grid Growth Rate
q N (in the boundary layer)
1 Coarse 553,353 1.05
2 Medium 980,068 1.03
3 Fine 1,544,433 1.01
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if the grid is refined further. It is expected that the solution should approach an asymptotic value termed
as the true numerical solution once the grid size is infinite. The average grid size was computed by
m =
(
1
N
N∑
i=1
∆Ai
) 1
2
(3.14)
in which N is the total number of cells in the domain and ∆Ai is the area of the ith cell. Next, the refinement
factor of the grid was calculated using
rq,q+1 =
mq
mq+1
(3.15)
in which the coarser grid is represented by q and the finer grid is represented by q+ 1. Transport equations
have an apparent order O which was calculated by
O =
1
ln(rq−1,q)
ln
[(
Cdq−1 − Cdq−2
Cdq − Cdq−1
)]
(3.16)
The total number of grids used for the validation process arranged in increasing order of fineness is repre-
sented by q. The extrapolated solution for an infinitely dense mesh was obtained by using the Richardson
extrapolation method as
Cd∞ =
rOq−1,qCdq − Cdq−1
rOq−1,q − 1
(3.17)
The relative error based on the finite grid solutions was obtained by
rel =
∣∣∣∣Cdq − Cdq−1Cdq
∣∣∣∣ (3.18)
Based on the true solution, the extrapolated relative error was calculated using
∞ =
∣∣∣∣Cd∞ − CdqCd∞
∣∣∣∣ (3.19)
Finally, the GCI was determined from the following expression
GCI =
FOSrel
rOq−1,q − 1
(3.20)
The factor of safety (FOS) was taken as 1.25 for the current analysis. The positive and negative error
bounds were calculated from the GCI values obtained by using the fine and medium grid solutions. The
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Figure 3.9: Grid convergence of Cd for SD8020 at Re = 101,700 and α = 2.69 deg.
expression for calculating the bounds is as follows
ψ = GCI × Cdq (3.21)
A summary of this analysis is presented in Table 3.7, and the results are shown in Fig. 3.9. The finest
grid is closest to the true solution. However, in order to save computational time, the medium sized mesh
is used for future computations. The true solution is almost within the uncertainty bounds of the medium
grid solution. Hence, grid parameters similar to the medium sized grid around the airfoil with the addition
of an actuator line were used for future computations after the selection of turbulence model. Figure 3.10
shows the final mesh around the airfoil and the actuator line with 2,020 nodes on the surface of the airfoil.
The total number of cells in the computational domain are 1,235,133. The cells are concentrated near the
leading and trailing edge of the airfoil with first cell height set at y = 1×10−5 ft with an airfoil chord of 1 ft.
Table 3.7: Summary of the Grid Convergence Study
Grid Total Number N−(2/3) Cd Cd GCI Bounds
of Cells (N) Computational Richardson’s Extrapolation
Coarse 553,353 14.8×10−5 0.01638 0.01734 0.04 6.58×10−4
Medium 980,068 10.1×10−5 0.01662 0.01734 0.04 6.68×10−4
Fine 1,544,433 7.48×10−5 0.01680 0.01734 0.04 6.75×10−4
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(a) (b) (c)
Figure 3.10: Final mesh around the airfoil and the actuator line: (a) entire computational domain, (b) grid
near the airfoil leading edge (20% airfoil chord shown) and actuator line (red), (c) element growth on the
airfoil upper surface (7% airfoil chord shown from x = 0.40c to x = 0.47c).
3.3 Turbulence Model Selection
The selection of the turbulence model is driven by computational cost and solution accuracy. Modeling
boundary layer transition is not necessary for the two-dimensional analysis as the slipstream results in fully-
turbulent flow over the airfoil sections situated inside it, as seen before in Fig. 1.1. As a result, the turbulence
models available in FLUENT, which treat the boundary layer completely turbulent, were used to obtain the
aerodynamic coefficients. The three fully-turbulent models discussed in this section are Spalart-Allmaras [25],
k- [26], and SST k-ω [27] turbulence models.
Computational data in a clean configuration were obtained at a freestream Reynolds number of 101,700
using the converged grid and compared with previously-collected experimental data [22] and fully-turbulent
boundary layer runs in XFOIL. The fully-turbulent boundary layer runs in XFOIL were obtained by using
forced transition at the stagnation point to have an entirely turbulent boundary layer without a laminar
separation bubble. Figure 3.11 shows the comparison of the aerodynamic coefficients obtained from CFD,
XFOIL, and experiment. The airfoil drag coefficients as obtained from CFD and XFOIL fully-turbulent runs
are higher than experimental values at small angles of attack, as can be seen in Fig. 3.11(a). One of the
reasons for this behavior is that some part of the boundary layer around the airfoil in wind tunnel tests was
laminar but for CFD and XFOIL analysis, the boundary layer was modeled as completely turbulent. The
polar from fully-turbulent XFOIL runs, Spalart-Allmaras, and the SST k-ω turbulence model agree fairly
well for angles of attack below 8 deg. However, at high angles of attack, only SST k-ω model shows close
resemblance to the airfoil polar from experiments.
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Figure 3.11: Comparison of airfoil aerodynamic coefficients obtained from different turbulence models in
ANSYS FLUENT with experiment and XFOIL at Re = 101,700 with (a) drag polars, and (b) lift curves.
The airfoil lift curves obtained using CFD match well for all the turbulence models in the prestall range
below an angle of attack of 8 deg, as can be seen in Fig. 3.11(b). The fully-turbulent lift curves from
XFOIL and other turbulence models have a higher Clmax as compared with the experiments except SST
k-ω model, which captures stall and agrees well with the experimental values of Cl. As a result, for all
future computations, the SST k-ω turbulence model was selected as a suitable turbulence model providing
reasonable solution accuracy.
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Chapter 4
Two-dimensional Results and Discussion
Computational analysis of the SD8020 airfoil at a Reynolds number of 100,000 for both the clean configura-
tion as well as the one with the actuator line was carried out to obtain the lift and drag coefficients as well
as the flow characteristics in the wake. The angle of attack was changed from 0 to 12 deg in steps of 2 deg
for the clean configuration and steps of 4 deg for the configurations with the actuator line. Tables 3.2–3.5
represent a total of 15 different parametric cases with their respective names and parameter values. As
part of post-processing, the aerodynamic coefficients obtained from Cp and Cf distributions were analyzed
using the lift curve and drag polar. The configurations were also analyzed for the lift-to-drag ratios and
compared with the baseline configurations. The flow properties including the total pressure change and
normalized velocity were measured in the wake. The baseline case in these plots is always colored black
to maintain consistency and enable suitable comparison. The flowfield around the airfoil and the actuator
line was analyzed using nondimensionalized velocity magnitude contour plots, streamlines, pressure force
vectors, and Cp curves. The parametric analysis is presented in the sections below, clearly indicating various
aerodynamic effects brought on by the slipstream affecting the performance of the airfoil.
4.1 Pressure Jump: ∆Cp
The nondimensionalized pressure jump ∆Cp across the actuator line was changed from 3.4 to 13.6 as shown
in Table 3.2. For the clean configuration, the angle of attack was changed from 0 deg to 12 deg in steps of
2 deg. For the configurations with actuator line, the angle of attack was changed in steps of 4 deg. The
following sections discuss the lift and drag characteristics of the airfoil, comparing the clean configurations
and configurations with slipstreams at a freestream Re of 100,000.
4.1.1 Lift Characteristics
Aerodynamic performance data including lift curves are plotted for different pressure jumps across the
actuator line and are shown in Fig. 4.1. From Fig. 4.1, it is evident that the airfoil lift coefficient increases
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Figure 4.1: Comparison of SD8020 lift curves for cases AA-000 to AA-003 as obtained from CFD.
with a higher pressure jump across the actuator line for a given angle of attack. As the pressure jump across
the actuator line increases, it induces a stronger slipstream with a higher dynamic pressure. The streamlines
in Fig. 4.2 show that as ∆Cp increases, the slipstream edges upstream of the actuator disk grow further apart
and converge quickly at the actuator disk, indicating a stronger slipstream. The increase in the strength
of the slipstream, quantified by the velocity downstream of the actuator line, is manifested by the growing
intensity of the red regions in the velocity contours shown in Fig. 4.4 as ∆Cp increases. The airfoil, in the
wake of the actuator line, is thus immersed in a flow with high dynamic pressure and generates a higher
lift. When this lift is nondimensionalized using the freestream dynamic pressure, which is lower than the
slipstream dynamic pressure, a higher lift coefficient is obtained for a given α as seen in Fig. 4.1. Likewise,
the lift curve slope also increases as the pressure jump across the actuator line increases.
The streamlines passing through the actuator line along the airfoil surface for cases AA-001 to AA-003
are shown in Figs. 4.2 and 4.3 for all angles of attack. The nondimensionalized velocity magnitude contours
V along with the slipstream edges for cases AA-001 to AA-003 are shown in Figs. 4.4 and 4.5 for all angles
of attack. As the angle of attack increases (while going from left to right in the figures), the flow is turned in
the direction that is more perpendicular to the actuator line. The flow as seen by the airfoil situated in the
wake of the actuator line, is at a lower angle than the actual geometric angle of attack. The streamlines in
Fig. 4.3 and velocity contours in Fig. 4.5 for angle of attack of 8 deg and 12 deg also indicate that the airfoil
boundary layer is still attached. As a result, the lift coefficient does not drop for the configurations with the
actuator line even at high α, and the lift curve exhibits the linear characteristics as seen in Fig. 4.1.
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Figure 4.2: Streamlines inside the slipstream around the airfoil for cases (a) AA-001 (∆Cp = 3.4), α = 0 deg,
(b) AA-001 (∆Cp = 3.4), α = 4 deg, (c) AA-002 (∆Cp = 6.8), α = 0 deg, (d) AA-002 (∆Cp = 6.8), α = 4 deg,
(e) AA-003 (∆Cp = 13.6), α = 0 deg, (f) AA-003 (∆Cp = 13.6), α = 4 deg.
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Figure 4.3: Streamlines inside the slipstream around the airfoil for cases (a) AA-001 (∆Cp = 3.4), α = 8 deg,
(b) AA-001 (∆Cp = 3.4), α = 12 deg, (c) AA-002 (∆Cp = 6.8), α = 8 deg, (d) AA-002 (∆Cp = 6.8),
α = 12 deg, (e) AA-003 (∆Cp = 13.6), α = 8 deg, and (f) AA-003 (∆Cp = 13.6), α = 12 deg.
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Figure 4.4: Nondimensionalized velocity contours around the airfoil for cases (a) AA-001 (∆Cp = 3.4),
α = 0 deg, (b) AA-001 (∆Cp = 3.4), α = 4 deg, (c) AA-002 (∆Cp = 6.8), α = 0 deg, (d) AA-002 (∆Cp = 6.8),
α = 4 deg, (e) AA-003 (∆Cp = 13.6), α = 0 deg, (f) AA-003 (∆Cp = 13.6), α = 4 deg.
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Figure 4.5: Nondimensionalized velocity contours around the airfoil for cases (a) AA-001 (∆Cp = 3.4),
α= 8 deg, (b) AA-001 (∆Cp = 3.4), α= 12 deg, (c) AA-002 (∆Cp = 6.8), α= 8 deg, (d) AA-002 (∆Cp = 6.8),
α = 12 deg, (e) AA-003 (∆Cp = 13.6), α = 8 deg, and (f) AA-003 (∆Cp = 13.6), α = 12 deg.
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4.1.2 Drag Characteristics
Figure 4.6 shows the drag polar of the airfoil at a Reynolds number of 100,000. Compared with the clean
configurations, the Cd values of the airfoil with the actuator line are an order of magnitude higher. Again,
as throughout this entire work, the drag coefficient is nondimensionalized using the freestream dynamic
pressure. It can be observed that the drag coefficient increases with increasing pressure jump across the
actuator line. The drag coefficient of the airfoil can be broken down into the pressure drag coefficient Cd,p
and drag coefficient due to skin friction Cd,f given by Eqs. 3.7c and 3.7d.
Figure 4.7 shows a comparison of the two drag coefficients mentioned above for cases AA-000 to AA-003.
The pressure drag coefficients are relatively higher as compared to the friction drag coefficients especially at
high angles of attack (note the change in scale). The reason for this increase will become clear as the drag
characteristics of the airfoil in the slipstream are discussed. As compared to the clean configuration, Cd,f
increases almost 10 times for ∆Cp of 13.6 as seen in Fig. 4.7(a), with the increase being proportional to ∆Cp.
However, Cd,f remains relatively unchanged with an increase in angle of attack for both clean configurations
and in the presence of an actuator line. The pressure drag coefficient Cd,p, on the other hand, grows with an
increase in α, and the increase becomes more prominent as ∆Cp becomes higher. The increase in Cd,p with
respect to ∆Cp also appears to be proportional to the value of ∆Cp itself, as seen in Fig. 4.7(b). The increase
in the airfoil drag coefficient due to the actuator line can be attributed to three major effects brought on by
the actuator line slipstream on the airfoil, as discussed in the following sections.
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Figure 4.6: Comparison of SD8020 drag polars for cases AA-000 to AA-003 as obtained from CFD.
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Figure 4.7: Comparison of SD8020 drag at actuator line for cases AA-000 to AA-003 as obtained from CFD
in terms of (a) friction drag coefficient (Cd,f ), and (b) pressure drag coefficient (Cd,p).
Local Velocity Effect
The slipstream of the actuator line has a velocity that is higher as compared with the freestream velocity
which can be seen from the velocity magnitude contour plots in Fig. 4.4. The Reynolds number obtained
by using the velocity in the slipstream can be referred to as the local Reynolds number. This local Re is
higher than the freestream Re value of 100,000. As discussed previously in Chap. 1, the boundary layer
is completely turbulent around the airfoil due to the propeller wash. The turbulent boundary layer and a
higher dynamic pressure over the airfoil increase the friction force, which in turn, increases the airfoil drag.
Since the drag is nondimensionalized by the freestream dynamic pressure, there is an increase in the drag
coefficient as obtained from Eq. 3.7 relative to the clean configuration. As ∆Cp increases from 3.4 to 6.8,
the slipstream velocity, and hence the local dynamic pressure increases, thereby leading to a higher Cd,f for
all angles of attack as seen in Fig. 4.7(a). While there is a direct relationship between Cd,f and ∆Cp, Cd,f
does not change significantly with the angle of attack.
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Figure 4.8: Tilting of force vector due to propeller slipstream resulting in induced drag of the airfoil.
Lift Vector Tilt Effect
In addition to the velocity effect mentioned above, the increase in airfoil drag also results from tilting of the
lift vector. Figure 4.6 shows that the drag polar shifts to the right and is observed to be stretched along
the Cl direction as ∆Cp is increased. For a ∆Cp of 13.6, Cd changes from 0.49 to 0.77 as α is changed from
0 to 12 deg. For the clean configuration, Cd increases from 0.016 to 0.090 for the same α change which is
significantly less. The change in the Cd with angle of attack increases with increasing ∆Cp, especially when
the airfoil is producing nonzero lift. Thus there is a contribution from the lift force toward the airfoil drag
in the streamwise direction.
Consider the case when the lifting airfoil is modeled as a single bound vortex at the quarter chord location
with a circulation strength Γ, generating a circulation force ~F ′. In this case, when the vortex is located in
the wake of the actuator line, it experiences the flow as shown in Fig. 4.8. An induced flow vector ~w due to
the actuator line is added to the freestream flow ~V∞ on the bound vortex. Consequently, the actual flow as
seen on the airfoil is at a different local angle of attack than that of the freestream. Since drag is calculated
along the freestream direction, a significant component of ~F ′ contributes to the drag, and this contribution
is termed as induced drag ~D′i. The angle by which ~F ′ is tilted is a function of both ∆Cp and α. As ∆Cp
increases from 3.4 to 13.6, the magnitude of ~w increases to almost three times the freestream velocity leading
to an increase in the tilting of ~F ′ and ultimately ~D′i. As α increases, the magnitude of the circulation force
increases leading to a direct increase in ~D′i. Thus, at nonzero lift values, Cd increases more significantly
with α during configurations AA-001 to AA-003 than in configuration AA-000, as shown in Fig. 4.6. The
induced drag shows up implicitly in Fig. 4.7(b) as it is not dependent on the skin friction coefficient but on
the pressure forces around the airfoil generating lift only due to inviscid effects. The induced drag is absent
when the airfoil is not generating any circulation force or lift.
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Figure 4.9: Comparison of pressure forces around the airfoil for case AA-000 (clean) at (a) α = 0 deg,
(b) α = 4 deg, (c) α = 8 deg, and (d) α = 12 deg.
Stagnation Pressure Effect
The final reason for an increase in Cd is the increase in pressure drag. The pressure jump across the
actuator line increases the total pressure along streamlines downstream of the actuator line and results in
a high-speed slipstream. The streamlines with higher total pressure are imparted onto the airfoil situated
in the wake of the actuator line. As a result, a higher pressure field, particularly around the airfoil leading
edge, is introduced which causes a significant increase in resultant force along the streamwise direction.
Figures 4.9–4.11 show a comparison of pressure forces acting along the airfoil with and without the actuator
line respectively. The red arrows indicate pressure forces acting toward the airfoil surface, and the blue
arrows represent the pressure forces acting away from the airfoil surface.
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Figure 4.10: Comparison of pressure forces around the airfoil for cases (a) AA-001 (∆Cp = 3.4), α = 0 deg,
(b) AA-001 (∆Cp = 3.4), α = 4 deg, (c) AA-002 (∆Cp = 6.8), α = 0 deg, (d) AA-002 (∆Cp = 6.8), α = 4 deg,
(e) AA-003 (∆Cp = 13.6), α = 0 deg, (f) AA-003 (∆Cp = 13.6), α = 4 deg.
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Figure 4.11: Comparison of pressure forces around the airfoil for cases (a) AA-001 (∆Cp = 3.4), α = 8 deg,
(b) AA-001 (∆Cp = 3.4), α = 12 deg, (c) AA-002 (∆Cp = 6.8), α = 8 deg, (d) AA-002 (∆Cp = 6.8),
α = 12 deg, (e) AA-003 (∆Cp = 13.6), α = 8 deg, and (f) AA-003 (∆Cp = 13.6), α = 12 deg.
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Figure 4.12: Comparison of Cp around the airfoil for configuration AA-000 (clean) at (a) α = 0 deg,
(b) α = 4 deg, (c) α = 8 deg, and (d) α = 12 deg.
The pressure drag can be obtained by resolving the pressure force around the airfoil along the streamwise
direction. As seen in Figs. 4.10 and 4.10, the component of the forces indicated by the red arrows around
the leading edge of the airfoil in the drag direction are bigger as compared with the force components seen in
Fig. 4.9. As ∆Cp increases, the total pressure downstream of the actuator line increases, resulting in larger
forces around the airfoil in the drag direction. As a result, Cd increases and the drag polar shifts to the right
with increasing ∆Cp as seen in Fig. 4.6.
Larger pressure forces around the airfoil give rise to an increased Cp distribution around the airfoil. This
scaling effect on Cp distribution can be seen by comparing Figs. 4.12–4.14. The contribution of Cp toward
Cd of the airfoil is obtained by using the pressure drag coefficient Cd,p from Eq. 3.7c. The trends in Cp
distribution reveal critical information about the changes in the aerodynamic performance of the airfoil due
to slipstreams. On comparison with the clean configuration in Fig. 4.12, the Cp values around the airfoil
in slipstreams (Figs. 4.13 and 4.14) are relatively scaled up both in the positive and negative direction.
As the pressure jump across the actuator line increases, the scaling of Cp also increases indicating a direct
proportionality.
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Figure 4.13: Comparison of Cp distribution around the airfoil for cases (a) AA-001 (∆Cp = 3.4), α = 0 deg,
(b) AA-001 (∆Cp = 3.4), α = 4 deg, (c) AA-002 (∆Cp = 6.8), α = 0 deg, (d) AA-002 (∆Cp = 6.8), α = 4 deg,
(e) AA-003 (∆Cp = 13.6), α = 0 deg, (f) AA-00 (∆Cp = 13.6), α = 4 deg.
At α of zero, the Cd,p for the airfoil in the wake of the actuator line is higher as compared with the clean
configuration and increases with an increase in ∆Cp as can be seen in Fig. 4.6. This effect, also termed as the
stagnation pressure effect, can be seen by observing the maximum Cp values around the airfoil for various
configurations in Figs. 4.12–4.14. As ∆Cp across the actuator line is increased, the maximum Cp value on
the airfoil increases from 1 for clean configuration, all the way to 15 for ∆Cp of 13.6 (configuration AA-003).
The increase in maximum Cp around the airfoil indicates the increase in stagnation pressure at the airfoil
and subsequently the scaling up of the Cp curves resulting in an increase in the pressure drag coefficient.
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Figure 4.14: Comparison of Cp distribution around the airfoil for cases (a) AA-001 (∆Cp = 3.4), α = 8 deg,
(b) AA-001 (∆Cp = 3.4), α = 12 deg, (c) AA-002 (∆Cp = 6.8), α = 8 deg, (d) AA-002 (∆Cp = 6.8),
α = 12 deg, (e) AA-003 (∆Cp = 13.6), α = 8 deg, and (f) AA-003 (∆Cp = 13.6), α = 12 deg.
It is interesting to note that the maximum Cp value on the airfoil does not change with respect to the
angle of attack for a given ∆Cp value across the actuator line. As the angle of attack increases, the minimum
Cp value increases indicating an increase in the edge velocity Ve around the airfoil surface. The edge velocity
for airfoil downstream of an actuator disk can be calculated from the Cp distribution around the airfoil by
Ve = V∞
√
1 + ∆Cp − Cp (4.1)
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Figure 4.15: Comparison of SD8020 Cl/Cd ratio for cases AA-000 to AA-003 as obtained from CFD.
where, ∆Cp is the nondimensionalized pressure jump across the actuator line. The increase in maximum
edge velocity has a critical effect on Cl and Cd, as both increase with increasing α. The maximum Cp value
around the airfoil can be determined by ∆Cp across the actuator line alone by
Cpmax = 1 + ∆Cp = Cpmax,clean + ∆Cp (4.2)
On the other hand, the minimum Cp value around the airfoil is a function of both ∆Cp across the actuator
line and α.
Figure 4.15 shows the lift-to-drag ratio with varying α and ∆Cp. The Cl/Cd ratio is higher for clean
configuration as compared with airfoils in slipstreams. The reason for this is primarily the increase in drag
coefficient. Even though the airfoil Cl increases inside a slipstream, the increase in Cd is significantly higher
which lowers the Cl/Cd ratio. As α increases, the lift-to-drag ratio for the airfoil in the clean configurations
increases up to a certain maximum value and then starts decreasing due to airfoil stall. However, for airfoil
configurations with the slipstream, the lift-to-drag ratio plateaus at high α values.
4.1.3 Wake Characteristics
The increase in the drag coefficient of the airfoil due to the slipstream can also be accounted for by the total
pressure loss in the wake. The quantity ∆P0 calculated by using Eq. 3.9 in the wake could explain higher
drag coefficients due to slipstreams. Figures 4.16 and 4.17 show the ∆P0 measured at wake stations 2, 4,
and 6 (referenced by Fig. 3.4) for all angles of attack and ∆Cp values. As ∆Cp increases, the value of ∆P0
increases inside the slipstream. However, if each curve of ∆P0 is referenced with the particular ∆Cp value,
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Figure 4.16: Comparison of ∆P0 measurement in the wake at (a) Station 2, α = 0 deg, (b) Station 2,
α = 4 deg, (c) Station 4, α = 0 deg, (d) Station 4, α = 4 deg, (e) Station 6, α = 0 deg, (f) Station 6, α = 4 deg.
we see that the loss of total pressure head increases as ∆Cp increases indicating a direct increase in the
airfoil drag coefficient.
Figures 4.18 and 4.19 show the zoomed in plots of ∆P0 with y ranging from -0.1 to 0.1. Consider the
∆P0 plots at wake station 2 and α of 0 deg as shown in Fig. 4.18(a). If the plot for ∆Cp of 3.4 is referenced
from 3.4 and similarly, the plots for ∆Cp of 6.8 and 13.6 are referenced accordingly, we see that the loss in
total pressure increases with increasing ∆Cp. The above step becomes necessary while calculating the drag
of the airfoil immersed inside a slipstream. The control volume which has the edges as the actuator line, the
slipstream edges and the wake station needs to be chosen for drag calculation. This control volume is shown
in Fig. 4.20 in red.
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Figure 4.17: Comparison of ∆P0 measurement in the wake at (a) Station 2, α = 8 deg, (b) Station 2,
α = 12 deg, (c) Station 4, α = 8 deg, (d) Station 4, α = 12 deg, (e) Station 6, α = 8 deg, and (f) Sta-
tion 6, α = 12 deg.
The strength of the slipstream quantified by the velocity of the flow inside it can also be confirmed by
looking at the non-dimensional velocity magnitude V calculated in the wake. Figures 4.21 and 4.22 show
the V measured at wake stations 2, 4, and 6 (referenced by Fig. 3.4) for all angles of attack and ∆Cp values.
We see that as ∆Cp increases, the velocity in the slipstream increases indicating a stronger slipstream. It is
interesting to note that outside the slipstream, the value of V approaches 1 and the value of ∆P0 approaches
0 indicating a freestream flow velocity and freestream total pressure respectively which confirms the working
of the actuator line model for a propeller. However, the velocity profile in the shear layer between the
freestream flow and the slipstream is smooth as opposed to actuator disk theory. The reason for such a
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Figure 4.18: Comparison of zoomed in ∆P0 measurement in the wake at (a) Station 2, α = 0 deg, (b) Sta-
tion 2, α = 4 deg, (c) Station 4, α = 0 deg, (d) Station 4, α = 4 deg, (e) Station 6, α = 0 deg, (f) Sta-
tion 6, α = 4 deg.
velocity profile is because the actuator disk theory is an inviscid theory; whereas, for the present study
turbulence models are used to account for viscous dissipations that lead to a smooth velocity profile in the
shear layer. Appendix B shows additional plots of ∆P0 and V at wake stations 3 and 4. The data for
variable P as obtained from Eq. 3.11 at wake stations 1 to 6 are also shown in Appendix B.
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Figure 4.19: Comparison of zoomed in ∆P0 measurement in the wake at (a) Station 2, α = 8 deg, (b) Sta-
tion 2, α = 12 deg, (c) Station 4, α = 8 deg, (d) Station 4, α = 12 deg, (e) Station 6, α = 8 deg, and
(f) Station 6, α = 12 deg.
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Figure 4.20: Control volume (in red) required to calculate the drag of an airfoil immersed in a slipstream
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Figure 4.21: Comparison of V measurement in the wake at (a) Station 2, α = 0 deg, (b) Station 2, α = 4 deg,
(c) Station 4, α = 0 deg, (d) Station 4, α = 4 deg, (e) Station 6, α = 0 deg, (f) Station 6, α = 4 deg.
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Figure 4.22: Comparison of V measurement in the wake at (a) Station 2, α = 8 deg, (b) Station 2, α = 12 deg,
(c) Station 4, α = 8 deg, (d) Station 4, α = 12 deg, (e) Station 6, α = 8 deg, and (f) Station 6, α = 12 deg.
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4.2 Diameter-to-Chord Ratio: DA/c
The diameter of the actuator line was varied from 0.5c to 1.5c, as shown in Table 3.3. The angle of attack
was changed from 0 deg to 8 deg in steps of 4 deg. The parameter DA/c, as shown in Fig. 3.7, is the
nondimensionalized diameter of actuator line with respect to airfoil chord. The baseline for this set of
configurations is when DA/c is equal to 1 (AA-002), marked as bold in Table 3.3. The following sections
include discussions on the lift and drag characteristics of the airfoil by comparing the performance with
respect to the baseline configuration.
4.2.1 Lift Characteristics
The aerodynamic performance data, including lift curves, are plotted for differentDA/c values of the actuator
line and are shown in Fig. 4.23. From Fig. 4.23, it is evident that airfoil Cl increases linearly with respect
to the angle of attack. The lift coefficient also increases as the diameter-to-chord ratio is increased. The
slipstream and the change in actuator line diameter do not affect the airfoil Cl at zero angle of attack. Since
the airfoil is symmetric, and the symmetry of the flow as shown by the streamlines in Fig. 4.24 around the
airfoil is not affected by the parameter DA/c, the airfoil produces zero lift for all values of DA/c at zero
angle of attack. The variation of the airfoil lift coefficient due to DA/c can be explained by the Suction
Effect.
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Figure 4.23: Comparison of SD8020 lift curves for cases AA-004 to AA-006 with AA-002 as obtained from
CFD.
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Figure 4.24: Streamlines inside the slipstream around the airfoil for cases (a) AA-004 (DA/c = 0.50),
α = 0 deg, (b) AA-004 (DA/c = 0.50), α = 4 deg, (c) AA-004 (DA/c = 0.50), α = 8 deg, (d) AA-
005 (DA/c = 0.75), α = 0 deg, (e) AA-005 (DA/c = 0.75), α = 4 deg, (f) AA-005 (DA/c = 0.75), α = 8 deg,
(g) AA-002 (DA/c = 1.00), α = 0 deg, (h) AA-002 (DA/c = 1.00), α = 4 deg, (i) AA-002 (DA/c = 1.00),
α = 8 deg, (j) AA-006 (DA/c = 1.50), α = 0 deg, (k) AA-006 (DA/c = 1.50), α = 4 deg, and (l) AA-
006 (DA/c = 1.50), α = 8 deg.
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Suction Effect
Figure 4.24 shows the streamlines passing through the actuator line for cases AA-004 to AA-006 along with
the baseline configuration of AA-002 at all angles of attack. The number of streamlines passing through the
actuator line and below the airfoil surface is the same for all the cases indicating a constant mass flow rate.
However, the cross-sectional area of the flow below the airfoil surface increases as the value of DA/c increases
as seen in Fig. 4.24. The streamlines below the airfoil surface appear to be shifted away from each other
as the diameter of the actuator line increases. Both of these observations indicate that the flow velocity
below the airfoil surface decreases as the actuator line diameter increases for a given angle of attack. The
acceleration of the flow from rest at the stagnation point to a particular edge velocity on the lower surface
is also higher when the value of DA/c is small.
Figure 4.25 shows the Cp plots around the airfoil surface for cases AA-004 to AA-006 along with the
baseline configuration of AA-002 at all angles of attack. From the Cp plots for α of 4 and 8 deg, it can
be observed that the lower surface Cp curve reaches a negative Cp value relatively quickly when the value
of DA/c is 0.5 as compared to higher DA/c values. A negative value of Cp on the airfoil surface indicates
pressure forces acting away from the airfoil near the leading edge on the lower surface. Thus, due to a
smaller slipstream width, there is a presence of a suction force near the leading edge of the airfoil on the
lower surface which reduces the lift produced by the airfoil. As the value of DA/c increases resulting in a
wider slipstream, the suction force near the leading edge of the airfoil on the lower surface decreases which
increases the airfoil lift. The change in the aerodynamic performance of a lifting surface brought on by the
changing width of the slipstream is termed as the Suction Effect. Hence, due to the Suction Effect, the
airfoil Cl increases when the diameter of the actuator line with respect to the airfoil chord increases. The
value of maximum Cp on the airfoil in Fig. 4.25 for the cases from AA-004 to AA-006 as well as the baseline
case of AA-002 does not change since the value of ∆Cp is kept constant at 6.8. This observation confirms
the discussion in Sec. 4.1.2 and also indicates that variation in DA/c does not affect the maximum Cp value
on the airfoil surface.
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Figure 4.25: Comparison of Cp distribution around the airfoil for cases (a) AA-004 (DA/c = 0.50), α = 0 deg,
(b) AA-004 (DA/c = 0.50), α = 4 deg, (c) AA-004 (DA/c = 0.50), α = 8 deg, (d) AA-005 (DA/c = 0.75),
α = 0 deg, (e) AA-005 (DA/c = 0.75), α = 4 deg, (f) AA-005 (DA/c = 0.75), α = 8 deg, (g) AA-
002 (DA/c = 1.00), α = 0 deg, (h) AA-002 (DA/c = 1.00), α = 4 deg, (i) AA-002 (DA/c = 1.00), α = 8 deg,
(j) AA-006 (DA/c = 1.50), α = 0 deg, (k) AA-006 (DA/c = 1.50), α = 4 deg, and (l) AA-006 (DA/c = 1.50),
α = 8 deg.
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4.2.2 Drag Characteristics
Figure 4.26 shows the drag polar of the airfoil at Reynolds number of 100,000. As the diameter of the
actuator line relative to airfoil chord is increased, the drag coefficient increases for Cl of zero. A similar
trend in the airfoil Cd is observed at higher Cl values. Figure 4.27 shows the variation of Cd,f and Cd,p with
respect to angle of attack and DA/c for cases AA-004 to AA-006 as compared with the baseline configuration
of AA-002. The values of the friction drag coefficient are lower as compared with pressure drag coefficient.
The friction drag coefficient does not show much variation with respect to the angle of attack of the airfoil.
Although, an increase in diameter of the actuator line leads to a decrease in Cd,f as seen in Fig. 4.27(a).
The pressure drag coefficient is a significant component of the total drag coefficient and with an increase
in the diameter, Cd,p increases. Also, Cd,p increases with an increase in angle of attack as airfoil produces
more lift as seen in Fig. 4.27(b). Due to the presence of the slipstream, the stagnation pressure effect and
the local Re effect still act on the airfoil. However, the variation of airfoil Cd with respect to DA/c can be
explained by the Suction Effect.
Suction Effect on Local Velocity
The Suction effect as discussed in Section 4.2.1 increases the edge velocity and the flow acceleration along
the lower surface of the airfoil and is observed to be relatively high for low DA/c values. As a result, when
the value of DA/c is minimum, the edge velocity on the lower surface of the airfoil is highest. A high local
velocity leads to a high skin friction drag on the lower surface of the airfoil. When the higher skin friction
drag is nondimensionalized by the freestream dynamic pressure, the skin friction drag coefficient increases.
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Figure 4.26: Comparison of SD8020 drag polars for cases AA-004 to AA-006 with AA-002 as obtained from
CFD.
47
0 2 4 6 8 10
α (deg)
0.065
0.070
0.075
0.080
Cd,f
AA-004 (DA/c = 0.50)
AA-005 (DA/c = 0.75)
AA-002 (DA/c = 1.00)
AA-006 (DA/c = 1.50)
(a)
0 2 4 6 8 10
α (deg)
0.0
0.1
0.2
0.3
Cd,p
AA-004 (DA/c = 0.50)
AA-005 (DA/c = 0.75)
AA-002 (DA/c = 1.00)
AA-006 (DA/c = 1.50)
(b)
Figure 4.27: Comparison of SD8020 drag for cases AA-004 to AA-006 with AA-002 as obtained from CFD
in terms of (a) friction drag coefficient (Cd,f ), and (b) pressure drag coefficient (Cd,p).
As the value of DA/c increases, the Suction Effect reduces and so does the edge velocity on the lower surface
of the airfoil. As a result, with an increase in DA/c the skin friction drag coefficient reduces as seen in
Fig. 4.27(a).
The increase in velocity and the flow acceleration can also be observed in the nondimensionalized velocity
contours shown in Fig. 4.28. By comparing the flow near the lower surface of the airfoil for configurations
AA-004 and AA-006 at α = 0 deg in Fig. 4.28(a) and 4.28(j), or at α = 4 deg in Fig. 4.28(b) and 4.28(k), or
at α = 8 deg in Fig. 4.28(c) and 4.28(l), it can be observed that the flow velocity on the lower surface of the
airfoil decreases with an increase in DA/c value. Also, the flow accelerates from rest at stagnation point to a
high velocity quickly when DA/c is small. The slipstream is strong as indicated by the high velocity around
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Figure 4.28: Nondimensionalized velocity contours around the airfoil for cases (a) AA-004 (DA/c = 0.50),
α = 0 deg, (b) AA-004 (DA/c = 0.50), α = 4 deg, (c) AA-004 (DA/c = 0.50), α = 8 deg, (d) AA-
005 (DA/c = 0.75), α = 0 deg, (e) AA-005 (DA/c = 0.75), α = 4 deg, (f) AA-005 (DA/c = 0.75), α = 8 deg,
(g) AA-002 (DA/c = 1.00), α = 0 deg, (h) AA-002 (DA/c = 1.00), α = 4 deg, (i) AA-002 (DA/c = 1.00),
α = 8 deg, (j) AA-006 (DA/c = 1.50), α = 0 deg, (k) AA-006 (DA/c = 1.50), α = 4 deg, and (l) AA-
006 (DA/c = 1.50), α = 8 deg.
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the airfoil surface when DA/c is small. As a result, the Local Velocity Effect (as termed in Sec. 4.1.2) is high
for small diameter of the actuator line and decreases as the diameter increases due to the Suction Effect.
Thus, Cd,f decreases with an increase in DA/c, as seen in Fig. 4.27(a).
Suction effect on Pressure Forces
Figure 4.29 shows the pressure force plots around the airfoil for cases AA-004 to AA-006 along with the
baseline configuration of AA-002 at all angles of attack. As the diameter of the actuator line is increased,
the blue pressure force vectors on the lower surface of the airfoil decrease due to the Suction Effect, as seen
by comparing Fig. 4.29(a), 4.29(d), 4.29(g), and 4.29(j). As a result, the component of the pressure force
along the negative x direction opposite to the freestream decreases with an increase in DA/c. Hence, the
pressure drag due to the slipstream increases with an increase in DA/c as seen in Fig. 4.27(b) when the
airfoil is at zero angle of attack. For a nonzero angle of attack, the region of red pressure forces on the lower
surface of the airfoil increases with an increase in DA/c. Hence, the component of pressure forces aligned in
the downstream direction becomes bigger with increasing DA/c. Thus the pressure drag coefficient is higher,
for higher DA/c values even at nonzero angles of attack as seen in Fig. 4.27(b). The total drag coefficient in
Fig. 4.26 follows a similar behavior due to pressure drag coefficient forming a significant portion of it.
The slipstream contraction ratio as defined by using Eq. 3.12 and 3.13 is used to quantify the Suction
Effect. Figure 4.30 shows the slipstream contraction ratio for cases AA-004 to AA-006 as compared with
the baseline configuration of AA-002 at different angles of attack. For zero angle of attack, observing the
red curve in Fig. 4.30, the slipstream contraction ratio decreases (becomes negative) as the value of DA/c
decreases. A more negative d indicates a higher slipstream contraction. On the lower and upper surface of
the airfoil near the leading edge, as the slipstream contracts more, the pressure reduces. With a decrease in
pressure, the components of pressure forces acting around the leading edge of the airfoil in the drag direction
go down leading to an increase in the Suction Effect and reduction in airfoil drag. As a result, at zero angle
of attack, the pressure drag coefficient of the airfoil decreases with a decrease in DA/c value, as seen in
Fig. 4.27(b).
Figure 4.31 shows the lift-to-drag ratio with varying α and DA/c. The Cl/Cd increases with an increase
in α due to significant increase in Cl. However, the Cl/Cd ratio does not follow any particular trend with
respect to DA/c. With an increasing DA/c, the airfoil lift coefficient goes up and so does the airfoil drag
coefficient. The configuration with minimum value of DA/c has maximum value of Cl/Cd at α of 4 deg and
8 deg, but the configuration with maximum DA/c matches the Cl/Cd value of minimum DA/c configuration
at α of 8 deg. The configuration with DA/c of 1 has the lowest Cl/Cd values at all angles of attack.
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Figure 4.29: Pressure force plots around the airfoil for cases (a) AA-004 (DA/c = 0.50), α = 0 deg, (b) AA-
004 (DA/c = 0.50), α = 4 deg, (c) AA-004 (DA/c = 0.50), α = 8 deg, (d) AA-005 (DA/c = 0.75), α = 0 deg,
(e) AA-005 (DA/c = 0.75), α = 4 deg, (f) AA-005 (DA/c = 0.75), α = 8 deg, (g) AA-002 (DA/c = 1.00),
α = 0 deg, (h) AA-002 (DA/c = 1.00), α = 4 deg, (i) AA-002 (DA/c = 1.00), α = 8 deg, (j) AA-
006 (DA/c = 1.50), α = 0 deg, (k) AA-006 (DA/c = 1.50), α = 4 deg, and (l) AA-006 (DA/c = 1.50),
α = 8 deg.
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Figure 4.30: Comparison of slipstream contraction ratio for cases AA-004 to AA-006 with AA-002 as obtained
from CFD on (a) upper surface and (b) lower surface.
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Figure 4.31: Comparison of SD8020 Cl/Cd ratio for cases AA-004 to AA-006 with AA-002 as obtained from
CFD.
4.3 Downstream Shift: l/c
The location of the airfoil along the x axis from the center of the actuator line was varied from 0.125c to
1.0c as shown in Table 3.4. The angle of attack was changed from 0 deg to 8 deg in steps of 4 deg. The
parameter l/c as previously shown in Fig. 3.7 is the nondimensionalized distance between the airfoil leading
edge and the actuator line center. The baseline for this set of configurations is when l/c is equal to 0.25
marked as bold in Table 3.4. The following sections discuss the lift and drag characteristics of the airfoil by
comparing the performance of different configurations in Table 3.4.
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Figure 4.32: Comparison of SD8020 lift curves for cases AA-007 to AA-010 with AA-002 as obtained from
CFD.
4.3.1 Lift Characteristics
The aerodynamic performance data, including lift curves, are plotted for different l/c locations of the airfoil
and are shown in Fig. 4.32. From Fig. 4.32, it is evident that airfoil Cl increases linearly with respect to the
angle of attack. The lift coefficient also increases as the airfoil is moved downstream, away from the actuator
line. Since the airfoil is symmetric, and the symmetry of the flow around the airfoil is not affected either by
the slipstream or shift in the downstream distance, the airfoil produces zero lift for all values of l/c at zero
angle of attack.
Virtual Camber Effect
The change in downstream location of the airfoil has a noticeable effect on the airfoil Cl. The streamlines
passing through the actuator line along the airfoil surface for cases AA-007 to AA-010 along with the baseline
configuration of AA-002 are shown Figs. 4.33 and 4.34. In the vicinity of the actuator line, the freestream flow
is turned in the direction perpendicular to the actuator line as seen in Fig. 4.35(a). However, far downstream
of the actuator line, the slipstream flow direction becomes parallel to the freestream flow direction as seen in
Fig. 4.35(b). In this case, when the airfoil which is located one chord length away from the actuator line, the
slipstream appears to arrive on the airfoil at an angle more similar to that of the freestream flow. Thus the
airfoil appears to be immersed in a curved flow which adds virtual camber to the airfoil. As a result, with
the same the geometric angle of attack, shifting the airfoil downstream of the actuator line increases the
angle at which the slipstream arrives at the airfoil surface. The addition of virtual camber to a symmetric
SD8020 airfoil leads to a higher lift coefficient, and this effect is termed as the Virtual Camber Effect. As a
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Figure 4.33: Streamlines inside the slipstream around the airfoil for cases (a) AA-007 (l/c= 0.125), α = 0 deg,
(b) AA-007 (l/c= 0.125), α= 4 deg, (c) AA-007 (l/c= 0.125), α= 8 deg, (d) AA-002 (l/c= 0.250), α= 0 deg,
(e) AA-002 (l/c= 0.250), α = 4 deg, (f) AA-002 (l/c= 0.250), α = 8 deg, (g) AA-008 (l/c= 0.500), α = 0 deg,
(h) AA-008 (l/c = 0.500), α = 4 deg, (i) AA-008 (l/c = 0.500), α = 8 deg, (j) AA-009 (l/c = 0.750), α = 0 deg,
(k) AA-009 (l/c = 0.750), α = 4 deg, and (l) AA-009 (l/c = 0.750), α = 8 deg.
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Figure 4.34: Streamlines inside the slipstream around the airfoil for cases (a) AA-010 (l/c= 1.000), α = 0 deg,
(b) AA-010 (l/c = 1.000), α = 4 deg, and (c) AA-010 (l/c = 1.000), α = 8 deg.
(a) (b)
Figure 4.35: Slipstream around the airfoil at α = 8 deg and (a) l/c = 0.125 and (b) l/c = 1.
result, the lift coefficient of the airfoil increases when the distance between the airfoil leading edge and the
actuator line center is increased.
The contours of nondimensionalized velocity magnitude V along with the stagnation streamline for cases
AA-007 to AA-010 and the baseline configuration of AA-002 are shown in Figs. 4.36 and 4.37. At zero
angle of attack, the stagnation streamline and the slipstream are aligned along the x direction. As the
angle of attack becomes 4 deg, the slipstream in Fig. 4.37(b) arrives at a higher angle on the airfoil surface
as compared with the slipstream in Fig. 4.36(b). When the angle of attack becomes 8 deg, the angle at
which the slipstream arrives at the airfoil for configuration AA-010 is higher as compared with configuration
AA-007. The stagnation streamline for configuration AA-010 at 8 deg angle of attack [Fig. 4.37(c)], bends
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Figure 4.36: Stagnation streamline passing through the actuator line with V contours for cases (a) AA-
007 (l/c = 0.125), α = 0 deg, (b) AA-007 (l/c = 0.125), α = 4 deg, (c) AA-007 (l/c = 0.125),
α = 8 deg, (d) AA-002 (l/c = 0.250), α = 0 deg, (e) AA-002 (l/c = 0.250), α = 4 deg, (f) AA-
002 (l/c = 0.250), α = 8 deg, (g) AA-008 (l/c = 0.500), α = 0 deg, (h) AA-008 (l/c = 0.500), α = 4 deg,
(i) AA-008 (l/c = 0.500), α = 8 deg ,(j) AA-009 (l/c = 0.750), α = 0 deg, (k) AA-009 (l/c = 0.750), α = 4 deg,
and (l) AA-009 (l/c = 0.750), α = 8 deg,.
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Figure 4.37: Stagnation streamlines passing through the actuator line with V contours for cases (a) AA-
010 (l/c = 1.000), α = 0 deg, (b) AA-010 (l/c = 1.000), α = 4 deg, and (c) AA-010 (l/c = 1.000), α = 8 deg.
more after it passes through the actuator line as compared with the stagnation streamline in configuration
AA-007 [Fig. 4.36(c)] indicating an increase in flow curvature around the airfoil. The airfoil in configuration
AA-010 at 8 deg angle of attack in Fig. 4.37(c) has a higher virtual camber when compared with the airfoil
in configuration AA-007 in Fig. 4.36(c) at same angle of attack. Thus, Virtual Camber Effect on the airfoil
due to an increase in l/c can be observed through the nondimensionlized velocity contours as well. With
an increase in the Virtual Camber Effect, the airfoil Cl increases, as seen in Fig. 4.32. The Virtual Camber
Effect is observed to be directly proportional to the value of l/c.
4.3.2 Drag Characteristics
Figure 4.38 shows the drag polar of the airfoil at a Reynolds number of 100,000. As the location of the
airfoil is shifted downstream, the drag coefficient decreases for Cl of zero. A similar trend in the airfoil Cd is
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Figure 4.38: Comparison of SD8020 drag polars for cases AA-007 to AA-010 with AA-002 as obtained from
CFD.
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Figure 4.39: Comparison of SD8020 drag for cases AA-007 to AA-010 with AA-002 as obtained from CFD
in terms of (a) friction drag coefficient (Cd,f ), and (b) pressure drag coefficient (Cd,p).
observed at higher Cl values. However, the drag coefficient of the airfoil is greater for l/c of 1 as compared
with l/c value of 0.75 when the airfoil is at an angle of attack of 8 deg. Figure 4.39 shows the variation of
Cd,f and Cd,p with respect to angle of attack and l/c for cases AA-007 to AA-010 along with the baseline
configuration of AA-002. The values of the friction drag coefficient are lower as compared with pressure
drag coefficient. The skin friction drag coefficient does not show much variation with respect to the angle
of attack of the airfoil. Although, an increase in downstream distance of the airfoil from the actuator line
center leads to an increase in Cd,f as seen in Fig. 4.39(a). The pressure drag coefficient being a significant
component of the total drag shows similar properties as the total drag coefficient. With an increase in the
downstream distance of the airfoil from the center of the actuator line, Cd,p decreases. However, as the
angle of attack increases leading to a higher lift produced by the airfoil, the airfoil Cd,p increases, as seen in
Fig. 4.39(b). Due to the presence of the slipstream, the Stagnation Pressure Effect and the Local Velocity
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Figure 4.40: Nondimensionalized velocity profile at Station 1 (0.1c upstream of the airfoil leading edge) for
cases AA-007 to AA-010 as well as AA-002.
Effect still act on the airfoil. However, the variation of airfoil Cd with respect to l/c can be explained by the
Virtual Camber Effect and the Suction Effect.
Local Velocity Effect
The Local Velocity Effect discussed in Section 4.1.2 is dependent on the velocity of the slipstream in the
vicinity of the airfoil surface. The pressure jump across the actuator disk affects the slipstream velocity and
hence the Local Velocity Effect. However, the change in downstream distance of the airfoil from the actuator
line can also lead to changes in the local velocity field around the airfoil as explained below.
In a viscous fluid, a shear layer exists between the slipstream and the freestream flow. In the inviscid
section of the slipstream, the flow velocity quickly attains a value of 2w obtained using actuator disk theory.
Viscous dissipations in the shear layer cause a continuous reduction in the slipstream area. In order to pre-
serve mass continuity, the velocity of the flow inside the slipstream increases gradually as the slipstream flows
along the positive x direction. Figure 4.40 shows the nondimensionalized velocity profile of the slipstream
at Station 1 located 0.1c upstream of the airfoil leading edge. As the airfoil is shifted downstream of the
actuator disk, from Fig. 4.40, it can be observed that the slipstream width decreases and slipstream velocity
around the airfoil increases leading to a higher friction drag. When the higher friction drag is nondimen-
sionalized using relatively lower freestream dynamic pressure, the skin friction drag coefficient increases. As
a result, the Cd,f of the airfoil increases with an increase in l/c as seen in Fig. 4.39(a).
Figures 4.41 and 4.42 show the pressure force plot around the airfoil for cases AA-007 to AA-010 compared
with the baseline configuration of AA-002. The blue vectors indicate the pressure forces acting away from
the airfoil. The location of these forces points to the regions with Cp value of less than zero thus indicating
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Figure 4.41: Comparison of pressure forces around the airfoil for cases (a) AA-007 (l/c = 0.125), α = 0 deg,
(b) AA-007 (l/c= 0.125), α= 4 deg, (c) AA-007 (l/c= 0.125), α= 8 deg, (d) AA-002 (l/c= 0.250), α= 0 deg,
(e) AA-002 (l/c= 0.250), α = 4 deg, (f) AA-002 (l/c= 0.250), α = 8 deg, (g) AA-008 (l/c= 0.500), α = 0 deg,
(h) AA-008 (l/c = 0.500), α = 4 deg, (i) AA-008 (l/c = 0.500), α = 8 deg, (j) AA-009 (l/c = 0.750), α = 0 deg,
(k) AA-009 (l/c = 0.750), α = 4 deg, and (l) AA-009 (l/c = 0.750), α = 8 deg.
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Figure 4.42: Comparison of pressure forces around the airfoil for cases (a) AA-010 (l/c = 1.000), α = 0 deg,
(b) AA-010 (l/c = 1.000), α = 4 deg, and (c) AA-010 (l/c = 1.000), α = 8 deg.
the zones of maximum edge velocity Ve. As l/c increases, the magnitude of blue vectors and the size of the
region which they cover on the airfoil surface increases as seen in Figs. 4.41 and 4.42. Thus the local dynamic
pressure increases, leading to an increase in the friction drag of the airfoil and eventually an increase in the
friction drag coefficient, as seen in Fig. 4.39(a). The minimum Cp value which is an indication of maximum
Ve increases with an increase in l/c as shown in Figs. 4.43 and 4.44. Hence the Cp plots also confirm the
increase in Local Velocity Effect due to an increase in downstream distance.
Virtual Camber Effect on Lift Vector
The slipstream flow adds virtual camber to the airfoil when it is located further downstream of the actuator
line center as seen in Figs. 4.33 and 4.34. Since the freestream flow vector ~V∞ and the slipstream flow vector
~w are almost parallel when l/c is high due to the downstream distance effect, the relative flow vector ~Vr
(shown previously in Fig. 4.8) is also almost parallel to ~V∞. As a result, the component of the circulation
force ~F ′ along the freestream direction reduces when the airfoil is shifted downstream away from the actuator
line leading to a reduction in ~D′i (in Fig. 4.8). This decrease in the induced drag component of the circulation
force leads to an overall reduction in airfoil drag with an increase in l/c as seen in Fig. 4.38. Thus, an increase
in downstream distance leads to a decrease in the Lift Vector Tilt Effect. However, the effect on the lift
vector due to addition of virtual camber only exists when the airfoil is producing nonzero lift. The Suction
Effect leads to changes in aerodynamic drag of the airfoil at zero angle of attack.
Suction Effect
At an angle of attack of zero deg, the tilting of the lift vector is not in effect since the lift produced by
the airfoil is zero. However the drag of the airfoil still reduces as seen in Fig. 4.38. As l/c is increased,
61
0.0 0.2 0.4 0.6 0.8 1.0
x
-15
-10
-5
0
5
10
Cp
Upper Surface
Lower Surface
AA-007 (l/c = 0.125), α = 0 deg
(a)
0.0 0.2 0.4 0.6 0.8 1.0
x
-15
-10
-5
0
5
10
Cp
Upper Surface
Lower Surface
AA-007 (l/c = 0.125), α = 4 deg
(b)
0.0 0.2 0.4 0.6 0.8 1.0
x
-15
-10
-5
0
5
10
Cp
Upper Surface
Lower Surface
AA-007 (l/c = 0.125), α = 8 deg
(c)
0.0 0.2 0.4 0.6 0.8 1.0
x
-15
-10
-5
0
5
10
Cp
Upper Surface
Lower Surface
AA-002 (l/c = 0.250), α = 0 deg
(d)
0.0 0.2 0.4 0.6 0.8 1.0
x
-15
-10
-5
0
5
10
Cp
Upper Surface
Lower Surface
AA-002 (l/c = 0.250), α = 4 deg
(e)
0.0 0.2 0.4 0.6 0.8 1.0
x
-15
-10
-5
0
5
10
Cp
Upper Surface
Lower Surface
AA-002 (l/c = 0.250), α = 8 deg
(f)
0.0 0.2 0.4 0.6 0.8 1.0
x
-15
-10
-5
0
5
10
Cp
Upper Surface
Lower Surface
AA-008 (l/c = 0.500), α = 0 deg
(g)
0.0 0.2 0.4 0.6 0.8 1.0
x
-15
-10
-5
0
5
10
Cp
Upper Surface
Lower Surface
AA-008 (l/c = 0.500), α = 4 deg
(h)
0.0 0.2 0.4 0.6 0.8 1.0
x
-15
-10
-5
0
5
10
Cp
Upper Surface
Lower Surface
AA-008 (l/c = 0.500), α = 8 deg
(i)
0.0 0.2 0.4 0.6 0.8 1.0
x
-15
-10
-5
0
5
10
Cp
Upper Surface
Lower Surface
AA-009 (l/c = 0.750), α = 0 deg
(j)
0.0 0.2 0.4 0.6 0.8 1.0
x
-15
-10
-5
0
5
10
Cp
Upper Surface
Lower Surface
AA-009 (l/c = 0.750), α = 4 deg
(k)
0.0 0.2 0.4 0.6 0.8 1.0
x
-15
-10
-5
0
5
10
Cp
Upper Surface
Lower Surface
AA-009 (l/c = 0.750), α = 8 deg
(l)
Figure 4.43: Comparison of Cp plots of the airfoil for cases (a) AA-007 (l/c = 0.125), α = 0 deg, (b) AA-
007 (l/c = 0.125), α = 4 deg, (c) AA-007 (l/c = 0.125), α = 8 deg, (d) AA-002 (l/c = 0.250), α = 0 deg,
(e) AA-002 (l/c= 0.250), α = 4 deg, (f) AA-002 (l/c= 0.250), α = 8 deg, (g) AA-008 (l/c= 0.500), α = 0 deg,
(h) AA-008 (l/c = 0.500), α = 4 deg, (i) AA-008 (l/c = 0.500), α = 8 deg, (j) AA-009 (l/c = 0.750), α = 0 deg,
(k) AA-009 (l/c = 0.750), α = 4 deg, and (l) AA-009 (l/c = 0.750), α = 8 deg.
the minimum value of Cp and its location moves upstream of the airfoil surface as seen by comparing
Figs. 4.43(a), 4.43(d), 4.43(g), 4.43(j), and 4.44(a). Hence, the region of blue pressure force vectors and the
magnitude of their components in the direction opposite to freestream flow (negative x) increases as seen
in Figs. 4.41(a), 4.41(d), 4.41(g), 4.41(j), and 4.42(a). Thus, there is a presence of suction force near the
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Figure 4.44: Comparison of pressure forces around the airfoil for cases (a) AA-010 (l/c = 1.000), α = 0 deg,
(b) AA-010 (l/c = 1.000), α = 4 deg, and (c) AA-010 (l/c = 1.000), α = 8 deg.
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Figure 4.45: Comparison of SD8020 Cl/Cd ratio for cases AA-007 to AA-010 with AA-002 as obtained from
CFD.
leading edge of the airfoil which reduces when the value of l/c reduces. Due to the Suction Effect, the drag
coefficient of the airfoil decreases with an increase in the downstream distance at zero angle of attack, as
seen in Fig. 4.39(b) and 4.38.
The maximum value of Cp on the airfoil on the other hand is the same in Figs. 4.43 and 4.44 as it is
dependent only on the value of ∆Cp which was fixed at 6.8 for the cases AA-007 to AA-010 as well as the
baseline configuration of AA-002. Figure 4.45 shows the lift-to-drag ratio with varying α and l/c. The Cl/Cd
ratio increases when the airfoil is shifted downstream of the actuator line. The reason for this is primarily
because the airfoil Cl increases and Cd decreases with an increase in l/c due to the Virtual Camber Effect
and the Suction Effect.
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4.4 Vertical Offset: h/DA
The location of the airfoil along the y axis with respect to the center of the actuator line was varied from
−0.25D to 0.25D as shown in Table 3.5. The angle of attack was changed from 0 deg to 8 deg in steps
of 4 deg. The parameter h/DA as previously shown in Fig. 3.7 is the nondimensionalized vertical distance
between the airfoil chord and the actuator line center. The baseline for this set of configuration is when h/DA
is equal to zero marked as bold in Table 3.5. The following sections discuss the lift and drag characteristics
of the airfoil by comparing the performance with respect to the baseline configuration.
4.4.1 Lift Characteristics
Aerodynamic performance data, including lift curves, are plotted for different h/DA locations of the airfoil
and are shown in Fig. 4.46. From Fig. 4.46, it is evident that airfoil lift curve shifts down as the geometric
location of the airfoil is displaced up. The airfoil lift curve slope which is primarily dependent on the ∆Cp
across the actuator line does not change since ∆Cp is fixed at 6.8 for configurations AA-011 to AA-014 as
well as AA-002. It is expected that SD8020 being a symmetrical airfoil should have a Cl of zero at zero angle
of attack. However, depending upon the vertical location of the airfoil, it produces positive or negative lift.
This particular characteristic of the lift curve can be explained by the Local Angle of Attack Effect.
Local Angle of Attack Effect
The flow that the airfoil experiences locally can be examined by looking at the stagnation streamline.
Figures 4.47 and 4.48 show the stagnation streamline of the airfoil along with the V contours for all the
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Figure 4.46: Comparison of SD8020 lift curves for cases AA-011 to AA-014 with AA-002 as obtained from
CFD.
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Figure 4.47: Stagnation streamlines with V contours for cases (a) AA-011 (h/DA = −0.250), α = 0 deg,
(b) AA-011 (h/DA = −0.250), α = 4 deg, (c) AA-011 (h/DA = −0.250), α = 8 deg, (d) AA-
012 (h/DA = −0.125), α = 0 deg, (e) AA-012 (h/DA = −0.125), α = 4 deg, (f) AA-012 (h/DA = −0.125),
α = 8 deg, (g) AA-002 (h/DA = 0.000), α = 0 deg, (h) AA-012 (h/DA = 0.000), α = 4 deg, and (i) AA-
002 (h/DA = 0.000), α = 8 deg.
cases in Table 3.5. From Fig. 4.47(a), we see that, even though the geometric angle of attack of the airfoil
is 0 deg, the stagnation streamline arrives at the airfoil at a certain negative angle. The complete opposite
is experienced by the airfoil when the geometric location is at h/DA of 0.25 as shown in Fig. 4.48(g).
Streamlines passing through the actuator line, locally arrive at the airfoil at a different angle than the
geometric angle of attack as confirmed by Figs. 4.49 and 4.50.
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Figure 4.48: Stagnation streamline with V contours for cases (a) AA-002 (h/DA = 0.000), α = 0 deg, (b) AA-
002 (h/DA = 0.000), α = 4 deg, (c) AA-002 (h/DA = 0.000), α = 8 deg, (d) AA-013 (h/DA = 0.125),
α = 0 deg, (e) AA-013 (h/DA = 0.125), α = 4 deg, (f) AA-013 (h/DA = 0.125), α = 8 deg, (g) AA-
014 (h/DA = 0.250), α = 0 deg, (h) AA-014 (h/DA = 0.250), α = 4 deg, and (i) AA-014 (h/DA = 0.250),
α = 8 deg.
Depending upon the vertical location of the airfoil, the slipstream forces the local flow around the airfoil
to arrive at a particular angle onto the airfoil surface which is different from the geometric angle of attack.
As a result, the local angle of attack of the airfoil changes, leading to a change in the aerodynamic lift and
eventually the lift coefficient. When the airfoil is located below the center of the actuator line, it experiences
the flow at an angle higher than the geometric α. Thus, the slipstream adds a positive virtual camber to
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Figure 4.49: Streamlines passing through the actuator line for cases (a) AA-011 (h/DA = −0.250),
α = 0 deg, (b) AA-011 (h/DA = −0.250), α = 4 deg, (c) AA-011 (h/DA = −0.250), α = 8 deg, (d) AA-
012 (h/DA = −0.125), α = 0 deg, (e) AA-012 (h/DA = −0.125), α = 4 deg, (f) AA-012 (h/DA = −0.125),
α = 8 deg, (g) AA-002 (h/DA = 0.000), α = 0 deg, (h) AA-012 (h/DA = 0.000), α = 4 deg, and (i) AA-
002 (h/DA = 0.000), α = 8 deg.
the airfoil, shifting the lift curve up as seen in Fig. 4.46. When the airfoil is located vertically above the
center of the actuator line, it experiences the flow at a relatively lower angle due to the slipstream. Hence,
in this case, the slipstream adds a virtual negative camber to the airfoil, shifting the lift curve down as seen
in Fig. 4.46.
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Figure 4.50: Streamlines passing through the actuator line for cases (a) AA-002 (h/DA = 0.000), α = 0 deg,
(b) AA-002 (h/DA = 0.000), α = 4 deg, (c) AA-002 (h/DA = 0.000), α = 8 deg, (d) AA-013 (h/DA = 0.125),
α = 0 deg, (e) AA-013 (h/DA = 0.125), α = 4 deg, (f) AA-013 (h/DA = 0.125), α = 8 deg, (g) AA-
014 (h/DA = 0.250), α = 0 deg, (h) AA-014 (h/DA = 0.250), α = 4 deg, and (i) AA-014 (h/DA = 0.250),
α = 8 deg.
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4.4.2 Drag Characteristics
The drag polar for the parameter h/DA shows a unique set of properties different from a typical airfoil
drag polar. In Fig. 4.51(a), the airfoil Cd decreases with an increase in Cl when the airfoil is located below
the center of the actuator line at h/DA of −0.25. On the other hand, at h/DA value of 0.25, the airfoil
Cd increases linearly with an increase in Cl which is a significant rate of increase of Cd with respect to Cl.
Figure 4.51 shows the variation of airfoil Cd with respect to the vertical location of the airfoil and airfoil
angle of attack. For the case when α is zero, the airfoil Cd is maximum when the airfoil is located at the
center of the actuator line, and the Cd reduces symmetrically with a change in the airfoil vertical location.
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Figure 4.51: Comparison of SD8020 drag coefficients for cases AA-011 to AA-014 with AA-002 as obtained
from CFD for different (a) Cl, h/DA and (b) h/DA, α.
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Figure 4.52: Comparison of SD8020 drag at different α for cases AA-011 to AA-014 with AA-002 as obtained
from CFD in terms of (a) friction drag coefficient (Cd,f ) and (b) pressure drag coefficient (Cd,p).
When α is 4 or 8 deg, the airfoil Cd increases from the minimum value at the lowest h/DA and increases
until the vertical location is at the maximum value.
The values for airfoil Cd,f and Cd,p are shown in Figs. 4.52 and 4.53. Since the airfoil is still inside
the slipstream, the Stagnation Pressure Effect and the Local Velocity Effect as discussed in Sec. 4.1.2 are
still acting on the airfoil. The Cd,f values of the airfoil do not change much with respect to α or h/DA as
shown by Figs. 4.52(a) and 4.53(a). The pressure drag coefficient being the significant component, exhibits
properties similar to the total drag coefficient. For one particular case, when α is 8 deg and the h/DA is
−0.25, the airfoil is outside the slipstream which is confirmed by Fig. 4.49(c). Thus, the Cd,f value of the
airfoil as shown in Fig. 4.52(a) drops significantly due to absence of the Local Velocity Effect. Also, by
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Figure 4.53: Comparison of SD8020 drag at different h/DA for cases AA-011 to AA-014 with AA-002 as
obtained from CFD in terms of (a) friction drag coefficient (Cd,f ) and (b) pressure drag coefficient (Cd,p).
looking at Fig. 4.52(b), we see that the Cd,p value of the airfoil for that particular case is relatively low as
compared to other configurations indicating the absence of Stagnation Pressure Effect as well. It is also
interesting to note that Cd,p value of the airfoil drops below zero for the case AA-011 at α of 4 deg as seen
in Figs. 4.52(b) and 4.53(b) indicating the presence of thrust due to pressure forces on the airfoil due to the
slipstream. This particular effect and the variation of Cd,p with respect to h/DA and α can be explained by
the Local Angle of Attack Effect.
Local Angle of Attack Effect
The Stagnation Pressure Effect and the Local Velocity Effect are significant when the airfoil is located inside
the slipstream. However, the variation of Cd and Cd,p with respect to h/DA can be explained by the Local
Angle of Attack Effect. Consider the Fig. 4.54(a) in which the absolute value of α is less than the αlocal. The
circulation force, ~F ′ acts perpendicular to the relative velocity vector ~Vr. Upon resolving ~F ′ in the direction
parallel and perpendicular to ~V∞, it can be observed that there exists a component of induced thrust, ~T ′i
acting on the airfoil. Consider another case shown in Fig. 4.54(b) where the absolute value of α is greater
than αlocal. In this scenario, upon resolving ~F ′, it can be observed that an induced drag component ~D′i acts
on the airfoil.
When the airfoil is at zero angle of attack with the vertical location at a nonzero h/DA value, the absolute
value of αlocal is greater than the geometric α. According to Fig. 4.54(a), an induced thrust component acts
on the airfoil. The difference between absolute values of αlocal and α which is a measure of the absolute
value of the angle of local flow around the airfoil, increases when the airfoil is displaced away from the center
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Figure 4.54: Local Angle of Attack Effect on the airfoil due to the slipstream producing (a) induced thrust
and (b) induced drag.
of the actuator line as observed in Figs. 4.47(a), 4.47(d), 4.48(a), 4.48(d), and 4.48(g). This increase in
difference, increases the value of the induced thrust components thus reducing the drag on the airfoil. As
a result, in Fig. 4.53(b), we see that Cd,p reduces from its maximum value at h/DA of zero for α of 0 deg
indicated by the red curve.
When the geometric angle of attack of the airfoil is increased, the difference between the absolute value
of αlocal and α increases when the airfoil is located below the center of the actuator line. The stagna-
tion streamline contacts the airfoil at a much steeper angle than its geometric angle of attack as seen in
Figs. 4.47(b), 4.47(e), 4.47(c), and 4.47(f). As a result, the induced thrust keeps increasing on the airfoil for
h/DA values of less than zero for α of 4 deg and 8 deg as well. Thus, in Fig. 4.53(b), a further reduction
is observed in Cd,p for negative h/DA values at α of 4 deg and 8 deg. However, when the airfoil is located
above the center of the actuator line, the difference between absolute value of αlocal and α decreases such
that αlocal becomes less than α producing induced drag on the airfoil. The stagnation streamline, contacts
the airfoil at an angle which is less than its geometric angle of attack as seen in Figs. 4.48(e), 4.48(h),
4.48(f), and 4.48(i). As a result, the Cd,p increases for h/DA value of greater than zero for α of 4 deg and 8
deg with reference to their values at α of zero deg as seen in Fig. 4.53(b).
The pressure forces around the airfoil in Figs. 4.55 and 4.56 along with the Cp curves in Figs. 4.57 and 4.58
indicate the presence of Stagnation Pressure Effect. The Local Angle of Attack Effect can also be explained
in terms of the pressure forces around the airfoil. The blue vectors indicate the pressure forces acting away
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Figure 4.55: Comparison of pressure forces around the airfoil for cases (a) AA-011 (h/DA = −0.250),
α = 0 deg, (b) AA-011 (h/DA = −0.250), α = 4 deg, (c) AA-011 (h/DA = −0.250), α = 8 deg, (d) AA-
012 (h/DA = −0.125), α = 0 deg, (e) AA-012 (h/DA = −0.125), α = 4 deg, (f) AA-012 (h/DA = −0.125),
α = 8 deg, (g) AA-002 (h/DA = 0.000), α = 0 deg, (h) AA-012 (h/DA = 0.000), α = 4 deg, and (i) AA-
002 (h/DA = 0.000), α = 8 deg.
from the airfoil surface in Figs. 4.55 and 4.56. The component of blue vectors along the negative V∞ direction
and their magnitude is larger for Figs. 4.55(a), 4.55(d), 4.56(d), and 4.56(g) with respect to Fig. 4.56(a).
These components of the pressure force indicate an increase in the induced thrust due to the Local Angle
of Attack Effect. As a result, in Fig. 4.53(b), we see that Cd,p reduces from its maximum value at h/DA of
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Figure 4.56: Comparison of pressure forces around the airfoil for cases (a) AA-002 (h/DA = 0.000), α = 0 deg,
(b) AA-002 (h/DA = 0.000), α = 4 deg, (c) AA-002 (h/DA = 0.000), α = 8 deg, (d) AA-013 (h/DA = 0.125),
α = 0 deg, (e) AA-013 (h/DA = 0.125), α = 4 deg, (f) AA-013 (h/DA = 0.125), α = 8 deg, (g) AA-
014 (h/DA = 0.250), α = 0 deg, (h) AA-014 (h/DA = 0.250), α = 4 deg, and (i) AA-014 (h/DA = 0.250),
α = 8 deg.
zero for α of 0 deg indicated by the red curve. The pressure forces in blue increase significantly for negative
h/DA values at nonzero angle of attack shown in Figs. 4.55(b), 4.55(e), 4.55(c), and 4.55(f) as compared to
the pressure forces for positive values of h/DA as shown in Figs. 4.56(e), 4.56(h), 4.56(f), and 4.56(i).
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Figure 4.57: Comparison of Cp curves around the airfoil for cases (a) AA-011 (h/DA = −0.250),
α = 0 deg, (b) AA-011 (h/DA = −0.250), α = 4 deg, (c) AA-011 (h/DA = −0.250), α = 8 deg, (d) AA-
012 (h/DA = −0.125), α = 0 deg, (e) AA-012 (h/DA = −0.125), α = 4 deg, (f) AA-012 (h/DA = −0.125),
α = 8 deg, (g) AA-002 (h/DA = 0.000), α = 0 deg, (h) AA-012 (h/DA = 0.000), α = 4 deg, and (i) AA-
002 (h/DA = 0.000), α = 8 deg.
The blue vectors in Figs. 4.55 and 4.56 are also responsible for producing lift and higher Cl values are
observed for airfoil located below the center of the actuator line as compared to the configuration when
it is located above the center of the actuator line. Due to the Local Angle of Attack, the Cp curves in
Figs. 4.57(a), 4.57(d), 4.58(d) and 4.58(g) have nonzero enclosed area indicating that the airfoil is producing
positive or negative lift even though it is at a zero angle of attack. The particular case when h/DA is
−0.25 and α is 8 deg, the airfoil is located outside the slipstream as seen in Fig.4.49(c) and the stagnation
streamline arriving at the airfoil does not pass through the actuator line. As discussed in Sec. 4.1.2, the
maximum Cp value stays very close to 1, since the airfoil is now located outside the slipstream as if it were in
a clean flow. Hence the Stagnation Pressure Effect is almost negligible on the lower surface of the airfoil as
shown by the red vectors of pressure forces on the lower surface of the airfoil in Fig. 4.55(c). It is interesting
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Figure 4.58: Comparison of Cp curves around the airfoil for cases (a) AA-002 (h/DA = 0.000), α = 0 deg,
(b) AA-002 (h/DA = 0.000), α = 4 deg, (c) AA-002 (h/DA = 0.000), α = 8 deg, (d) AA-013 (h/DA = 0.125),
α = 0 deg, (e) AA-013 (h/DA = 0.125), α = 4 deg, (f) AA-013 (h/DA = 0.125), α = 8 deg, (g) AA-
014 (h/DA = 0.250), α = 0 deg, (h) AA-014 (h/DA = 0.250), α = 4 deg, and (i) AA-014 (h/DA = 0.250),
α = 8 deg.
to note that this particular configuration has the lowest Cd compared to others as seen in Fig. 4.51(a) and
highest Cl as seen in Fig. 4.46.
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Figure 4.59: Comparison of SD8020 Cl/Cd ratio for cases AA-011 to AA-014 with AA-002 as obtained from
CFD with respect to (a) α and (b) h/DA.
Figure 4.59 shows the lift-to-drag ratio with varying α and h/DA. The Cl/Cd ratio is higher for configu-
rations when the airfoil is located below the center of the actuator line. The reason for this is primarily the
increase in the lift coefficient and reduction in the drag coefficient due to the Local Angle of Attack Effect
when the h/DA value is negative. As the airfoil is moved from a negative h/DA position to a positive h/DA
position, the airfoil performance, measured in terms of Cl/Cd, reduces as seen in Fig. 4.59(b). Hence, it
appears that a low wing configuration will be more efficient in terms of aerodynamic performance as com-
pared with a high wing configuration when dealing with a lifting surface located in the wake of a propeller
slipstream due to the Local Angle of Attack effect.
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Chapter 5
Three-dimensional Analysis
Two-dimensional computational analysis, although computationally inexpensive and informative from an
airfoil-effects standpoint, does not represent all of the details of an actual aircraft wing located downstream
of a propeller. A section of the wing is located in the propeller slipstream; whereas, the remaining section
is exposed to freestream flow. From the two-dimensional results presented in Chapter 4, the airfoil sections
located inside the slipstream will have higher lift and drag coefficients as compared with the airfoil sections
located in the freestream flow. As a result, there will be a significant variation of sectional lift and drag
coefficients along the span. The sectional lift and drag coefficients will be strongly influenced by the trailing
vortices at the wing tips as well as the induced vortices generated due to the variation in bound circulation
along the wing. In order to closely observe the effect of trailing vortices due to changes in sectional lift
and drag coefficient brought about by the propeller slipstream, a quasi three-dimensional CFD analysis was
carried out.
5.1 Computational Approach
Three-dimensional computational analyses were carried out to examine the effect of propeller wash on the
lifting surface. In these analyses, the propeller with the DA/c of 1 was modeled as an actuator disk with a
pressure jump boundary condition. The airfoil geometry was extruded to have a fixed semi-span of length
c between two no-flux walls. Fig. 5.1(a) shows the top view of the geometry setup. The geometry of the
extended airfoil is similar to the geometry of obtaining two-dimensional airfoil data through wind tunnel
testing. In such a case, the airfoil span extends from one wall to the other, and as a result, there are no
effects of the wing-tip vortices due to the mirroring effect of the walls leading to an infinite span with an
infinite array of actuator disks. As a result, the airfoil models used in wind tunnel testing, as well as this
study, do not have the effect of induced drag resulting from wing-tip vortices. It was important to find a
three-dimensional setup which could result in the absence of wing-tip vortices to understand the effect on the
sectional coefficients of the lifting surface due to a three-dimensional slipstream alone. The computational
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Figure 5.1: The quasi three-dimensional geometry with the lifting surface and the actuator disk indicating the
wall and the symmetry plane locations of the computational domain: (a) zoomed top view and (b) isometric
view.
domain extends 12c downstream of the actuator disk along the positive x direction and 10c upstream along
the negative x direction. Along the y direction, the domain extends ±10DA from the center of the actuator
disk similar to the two-dimensional domain as shown in Fig. 3.6. The lifting surface is located along the
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Table 5.1: Summary of Important Dimensions in the Quasi Three-dimensional Geometry Setup
Dimension Value
Diameter (DA) 1 ft
Chord (c) 1 ft
Span (b) 2 ft
DA/c 1
b/c 1
b/DA 2
center of the actuator disk and the distance between the leading edge of the lifting surface, and the actuator
disk is kept at 0.25c, similar to the two-dimensional analysis.
Symmetry, or no-flux, boundary condition was implemented at the plane of symmetry shown in Fig. 5.1(a)
to reduce computational costs. Due to the mirroring effects of the wall, the span of the lifting surface
becomes infinite. However, as mentioned before, the actuator disk is also mirrored and hence the current
setup simulates an infinite propeller system upstream of a rectangular lifting surface with infinite span.
Despite the absence of wing-tip vortices, the change in wing lift due to the actuator disk induces trailing
vortices on the lifting surface, and hence this setup is termed as quasi three-dimensional. The airfoil section
located at the plane of symmetry is termed as the center span, and the airfoil section located at the wall
is termed as the end wall. Table 5.1 lists the critical geometry dimensions of the actuator disk and the
extended airfoil.
Post-processing of the data involved calculation of the spanwise distribution of lift and drag coefficients
as well as the induced angles of attack. The spanwise distribution of Cl and Cd can be obtained by using
Cp and Cf of the airfoil sections. During this analysis, the spanwise distribution of Cd,p and Cd,f can also
be obtained using Eq. 3.7. Using the data of spanwise lift distribution, the induced angle of attack at a
particular z0 location along the span is calculated using the lifting line equation as
αi(z0) =
1
4piV∞
∫ ∞
−∞
dΓ/dz
z0 − z dz (5.1)
in which Γ is the bound circulation distribution along the span according to
Γ (z) =
cCl (z)V∞
2
(5.2)
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The total three-dimensional lift (CL) and drag (CD) coefficient of the extended airfoil are obtained by
integrating the sectional lift and drag coefficient values respectively over the entire span by
CL =
∫ b/2
−b/2
c Cl dz∫ b/2
−b/2
c dz
(5.3a)
CD =
∫ b/2
−b/2
c Cd dz∫ b/2
−b/2
c dz
(5.3b)
5.2 Grid and Solution Development
As a starting point in the development of the three-dimensional grid, the coarse two-dimensional grid was
extruded along the lifting surface. In order to obtain a C-grid with low skew and high orthogonality around
the rectangular-span lifting surface with an actuator disk in front of it, a multigrid strategy was used. The
mesh cells in the fluid region upstream of the actuator disk were independent of the cells in the downstream
fluid region. The actuator disk was mapped using four quadrilateral blocks as shown in Fig. 5.2(a). This
procedure kept the cells around and upstream of the actuator disk to be independent of the cells downstream
of the actuator disk. A uniform three-dimensional C-grid was developed around the lifting surface as shown
in Fig. 5.2(b). It was thus possible to generate a uniform C-grid around the lifting surface along the entire
span.
The mesh was refined in the boundary layer region to the extent that the elements were finely stacked
with the first cell height of 10-5 ft and a grid growth rate of 1.04. The grid resolution in the wake was higher
than the coarse two-dimensional grid but less than the medium grid due to computational limitations. The
final mesh consisted of 45 spanwise nodes and had 14.3 million total hexahedral cells. Figure 5.3 shows the
grid on the actuator disk and the lifting surface.
A coarse grid was generated with 9.4 million cells using the same grid technique but higher growth rate
and fewer nodes on the lifting surface. In order to reduce computational costs, this coarse grid was used to
obtain a low fidelity solution on a local machine with 8 GB of RAM and an Intel i7 processor clocked at
2.8 GHz. The SIMPLE scheme was used in ANSYS FLUENT with the first-order discretization of spatial
derivatives to obtain the solution in approximately 24 hrs. The low-fidelity solution was then interpolated
onto the final mesh thus providing a better initial point for the final computations on the high-density
grid and saving computational time. The Coupled scheme with the second-order discretization of spatial
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Figure 5.2: Grid strategy for the fluid region (a) upstream of the actuator disk and (b) downstream the
lifting surface.
(a) (b) (c)
Figure 5.3: Final mesh around the (a) actuator disk (red), (b) lifting surface leading edge, and (c) lifting
surface trailing edge.
derivatives was used to determine the high-fidelity solution. Batch jobs utilizing 14 processes and allocating
56 GB of RAM on the Illinois Campus Cluster consisting of Intel Xeon processors clocked at 2.67 GHz were
used to obtain the final solution.
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Table 5.2: Names of Parametric Cases Corresponding to Different Values of ∆Cp for Quasi Three-dimensional
Analysis
Configuration ∆Cp DA/c l/c h/DA b/DA Re
WD-001 3.4 1 0.25 0 2 100,000
WD-002 6.8 1 0.25 0 2 100,000
Table 5.2 presents the configurations names for the three-dimensional analysis. The flow Reynolds number
was kept at 100,000, and the angle of attack was varied from 0 to 8 deg in steps of 4 deg. The actuator disk
∆Cp was changed from 3.4 to 6.8. Based on the turbulence model study in Section. 3.3, SST k-ω turbulence
model was used in carrying out the CFD analysis. Due to limitations in computational resources, a grid
convergence study for the three-dimensional analysis was not performed.
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Chapter 6
Three-dimensional Results and
Discussion
Three-dimensional CFD analyses were performed with the quasi three-dimensional rectangular-span SD8020
lifting surface located downstream of an actuator disk. The nondimensionalized pressure jump across the
actuator disk varied from 3.4 to 6.8, and the angle of attack was changed from 0 to 8 deg in steps of 4
deg. The Reynolds number at which the analysis was performed was 100,000. Performance data in terms of
spanwise lift and drag coefficients were obtained for all the cases.
6.1 Lift Characteristics
The spanwise variation of Cl for the actuator disk ∆Cp of 3.4 and 6.8 is shown in Fig. 6.1. Sections of
the lifting surface located directly downstream of the actuator disk show higher lift coefficient. The airfoil
sections located in the high dynamic pressure slipstream generate a higher lift. When this lift is non-
dimensionalized by the freestream dynamic pressure, a higher Cl is obtained for these sections as compared
with the sections exposed to freestream flow. As a result, the sectional Cl decreases from the center span
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Figure 6.1: Comparison of spanwise Cl distribution for quasi three-dimensional configurations: (a) WD-001
(∆Cp = 3.4) and (b) WD-002 (∆Cp = 6.8).
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Figure 6.2: Comparison of Cp curves around the airfoil sections for three-dimensional configuration cases
(a) WD-001 (∆Cp = 3.4), α = 0 deg, (b) WD-002 (∆Cp = 6.8), α = 0 deg, (c) WD-001 (∆Cp = 3.4),
α = 4 deg, (d) WD-002 (∆Cp = 6.8), α = 4 deg, (e) WD-001 (∆Cp = 3.4), α = 8 deg, and (f) WD-
002 (∆Cp = 6.8), α = 8 deg.
sections toward the end wall sections. Effects on the Cl near the center span increase with an increasing
∆Cp as can be seen by comparing Figs. 6.1(a) and 6.1(b).
The Cp distribution along the airfoil section is responsible for the airfoil Cl. The area under the Cp curve
for airfoil sections located inside the actuator disk slipstream is higher than the outboard airfoil sections as
discussed in Section 4.1.2. Figure 6.2 shows the Cp distribution around the lifting surface for cases WD-001 to
85
-1 0 1
b
0.0
0.5
1.0
1.5
2.0
Cl
WD-001
AA-001
AA-000
α = 4 deg
(a)
-1 0 1
b
0.0
0.5
1.0
1.5
2.0
Cl
WD-001
AA-001
AA-000
α = 8 deg
(b)
Figure 6.3: Comparison of spanwise Cl distribution for two-dimensional clean (AA-000), two-dimensional
with actuator line (AA-001), and quasi three-dimensional (WD-001) configurations at (a) α = 4 deg, and
(b) α = 8 deg.
WD-002 at all angles of attack. On the sections located in the wake of the actuator disk, we see that the area
under the Cp curve is higher as compared with the sections located in the freestream flow. The spanwise
Cl continuously increases with angle of attack. As the pressure jump across the actuator disk increases,
the value of maximum Cp on the airfoil sections in the wake of the actuator disk increases. However, the
maximum Cp value on the sections in freestream flow stays at 1. The maximum Cp value does not change
with the angle of attack throughout the lifting surface span. The area under the Cp curve increases with an
increase in α, but the increase is higher for sections located inside the slipstream as compared with sections
located outside.
A comparison of the two-dimensional clean (AA-000), the two-dimensional with actuator line (AA-001),
and the quasi three-dimensional (WD-001) spanwise Cl of the lifting surface at angle of attack of 4 and 8 deg
and ∆Cp of 3.4 is shown in Fig. 6.3. At angles of attack of 4 deg and 8 deg, near the center span region, the
Cl obtained from the quasi three-dimensional analysis is less than the Cl obtained from the two-dimensional
analysis with the actuator line. This observation indicates that the region of the lifting surface located in
the wake of the actuator disk slipstream encounters a downwash which reduces the local angle of attack at
these sections. Near the end wall region and at the angle of attack of 4 deg, the local Cl as obtained from
the quasi three-dimensional analysis is higher as compared with the clean configuration. This observation
indicates that the regions located outside the slipstream of the actuator disk encounter an upwash that leads
to an increase in local angle of attack at these sections. For the angle of attack of 8 deg, the decreased local
Cl of the quasi three-dimensional lifting surface relative to the Cl of the clean configuration suggests that
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Figure 6.4: Comparison of spanwise αi distribution for quasi three-dimensional configurations: (a) WD-001
(∆Cp = 3.4) and (b) WD-002 (∆Cp = 6.8).
the airfoil region is stalled. Upwash from the trailing vortices increases the local angle of attack near the
end wall relative to the clean configuration which leads to an earlier stall.
Figure 6.4 shows the spanwise distribution of induced angle of attack on the lifting surface obtained
during the quasi three-dimensional analysis for configurations WD-001 and WD-002 from Eq. 5.1. The
sudden change in induced angle of attack around b of ±0.5 from negative to positive further confirms the
presence of trailing vortices located at the edge of the actuator disk. These trailing vortices create downwash
on the portion of the lifting surface located in the slipstream (as indicated by negative values of αi), while
the portion of the lifting surface lying outside the slipstream experiences an upwash (as indicated by positive
values of αi). The upwash or downwash caused by the trailing vortices increases with an increase in angle
of attack. The downwash on the sections located inside the slipstream increases with an increase in ∆Cp
indicating the growth in strength of the trailing vortices due to a stronger slipstream.
The three-dimensional lift coefficient of the lifting surface as obtained from Eq. 5.3(a) is shown in Fig. 6.5
as a function of α. The lift curve is nonlinear as opposed to the linear lift curve for two-dimensional lift
coefficient. The main reason for the nonlinearity are the induced trailing vortices. Due to upwash in the
regions located outside the slipstream, the increase in Cl on these sections is nonlinear. Also, on the sections
located inside the slipstream, the downwash due to the trailing vortices do not allow a linear increase in Cl
in these sections.
Figures 6.6(a) and 6.6(b) show the two-dimensional Cl at the center span and end wall airfoil sections
for configurations WD-001 and WD-002. The nonlinearity in the two-dimensional lift curves at the center
span and end wall is quite evident from Fig. 6.6. The Cl value at the end wall section does not change at all
with a change in pressure jump across the actuator disk. However, there is a significant drop in the Cl at
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Figure 6.5: Three-dimensional lift curve for configurations WD-001 (∆Cp = 3.4) and WD-002 (∆Cp = 6.8).
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Figure 6.6: Comparison of two-dimensional Cl curve for WD-001 (∆Cp = 3.4) and WD-002 (∆Cp = 6.8) at
(a) center span and (b) endwall.
end wall sections when the angle of attack is increased from 4 deg to 8 deg. The sudden drop in Cl indicates
flow separation on the airfoil sections located near the end wall and can be confirmed by looking at the
nondimensionalized velocity contours shown in Fig. 6.7. The upwash due to the trailing vortices induced by
the actuator disk slipstream causes flow separation at the end wall sections leading to earlier onset of stall
on these airfoil sections.
The sectional Cl values shown in Fig. 6.6(a) for the center span sections increase with an increase in
pressure jump across the actuator disk due to the increase in slipstream velocity. Although the center span
airfoil section has a nonlinear lift curve, it does not undergo flow separation as confirmed by velocity contours
in Fig. 6.8. The behavior of no flow separation as discussed in Sec. 4.1.1 is caused due to the actuator disk
slipstream with high dynamic pressure. The downwash due to the trailing vortices induced by the slipstream
result in the nonlinearity of the lift curve of center span regions.
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Figure 6.7: Nondimensionalized velocity contours, V , at the end wall airfoil section for the configuration
cases (a) WD-001 (∆Cp = 3.4), α = 0 deg, (b) WD-002 (∆Cp = 6.8), α = 0 deg, (c) WD-001 (∆Cp = 3.4),
α = 4 deg, (d) WD-002 (∆Cp = 6.8), α = 4 deg, (e) WD-001 (∆Cp = 3.4), α = 8 deg, and (f) WD-
002 (∆Cp = 6.8), α = 8 deg.
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Figure 6.8: Nondimensionalized velocity contours, V , at the center span airfoil section for the configuration
cases (a) WD-001 (∆Cp = 3.4), α = 0 deg, (b) WD-002 (∆Cp = 6.8), α = 0 deg, (c) WD-001 (∆Cp = 3.4),
α = 4 deg, (d) WD-002 (∆Cp = 6.8), α = 4 deg, (e) WD-001 (∆Cp = 3.4), α = 8 deg, and (f) WD-
002 (∆Cp = 6.8), α = 8 deg.
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6.2 Drag Characteristics
Figure 6.9 shows the spanwise variation of Cd and Cd,p for actuator disk ∆Cp of 3.4 and 6.8. The total drag
coefficient is higher in regions directly behind the actuator disk and drops sharply in regions outside the
actuator disk slipstream, supporting the results in Sec. 4.1.2. The effect on Cd near the center span regions
increases with an increasing ∆Cp as can be seen by comparing Figs. 6.9(a) and 6.9(b).
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Figure 6.9: Comparison of spanwise Cd and Cd,p distribution for quasi three-dimensional configurations: (a)
WD-001 (∆Cp = 3.4) and (b) WD-002 (∆Cp = 6.8).
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Figure 6.10: Comparison of spanwise Cd distribution for two-dimensional clean (AA-000), two-dimensional
with actuator line (AA-001), and quasi three-dimensional (WD-001) configurations at (a) α = 4 deg, and
(b) α = 8 deg.
A comparison of two-dimensional clean (AA-000), two-dimensional with actuator line (AA-001), and the
quasi three-dimensional (WD-001) spanwise Cd of the lifting surface at angle of attack of 4 and 8 deg and
∆Cp of 3.4 is shown in Fig. 6.10. Near the end wall airfoil sections, at an angle of attack of 4 deg, Cd
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Figure 6.11: Comparison of stagnation streamlines arriving on the lifting surface at α of 4 deg for configu-
rations (a) WD-001 (∆Cp = 3.4) and (b) WD-002 (∆Cp = 6.8).
obtained from the quasi three-dimensional analysis is less as compared with Cd of the clean configuration.
The decreased Cd is because the regions located outside of the slipstream encounter an upwash due to the
induced vortices. The upwash creates induced thrust as opposed to induced drag, which reduces the Cd
in these regions. However, the reduction in Cd at the end wall does not occur for the angle of attack of
8 deg because the boundary layer in these regions is separated leading to airfoil stall. The stalled sections
encounter an increase in pressure drag as seen from the dotted lines in Fig. 6.9 for α of 8 deg near the end
wall regions.
The regions located within the slipstream of the actuator disk for the quasi three-dimensional configura-
tion have Cd comparable or even less than the two-dimensional configuration with actuator line. Since these
regions encounter downwash, the local angle of attack is lower than the geometric angle of attack. From the
polar in Fig. 4.6, it would be expected that they have a local Cd less than the two-dimensional Cd of the
airfoil with actuator line. However, these sections now have an induced drag component due to the local
downwash brought on by the trailing vortices whose strength increases with increase in α. As a result, the
quasi three-dimensional Cd is almost equal to the two-dimensional Cd for α of 4 deg near the center span
but becomes higher than the two-dimensional Cd at 8 deg as seen in Fig. 6.10.
Figure 6.11 shows the stagnation streamlines at α of 4 deg for configurations WD-001 and WD-002. The
angle at which the stagnation streamlines contact the airfoil surface indicate an upwash on the airfoil sections
located inside the slipstream and downwash on the sections exposed to freestream flow. The difference
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Figure 6.12: Comparison of spanwise Cd and Cd,f distribution for quasi three-dimensional configurations:
(a) WD-001 (∆Cp = 3.4) and (b) WD-002 (∆Cp = 6.8).
between the angle at which the stagnation streamline arrives at the airfoil section outside and inside the
slipstream increases with an increase in ∆Cp. Thus, the strength of the trailing vortices increases with an
increase in pressure jump across the actuator disk. The spanwise Cd can be broken down in to the friction
drag coefficient Cd,f and pressure drag coefficient Cd,p. A discussion of observed trends in Cd,f and Cd,p is
presented below.
6.2.1 Spanwise Cd,f Distribution
The skin friction drag influences the value of the total Cd. Skin friction drag is relatively significant at
low angles of attack. The dashed lines in Fig. 6.12 indicate that the regions located within the propeller
slipstream show higher friction drag coefficients as compared with the wall regions. The primary reason for
this change is due to the Local Velocity Effect in regions directly behind the disk leading to a higher skin
friction coefficient as discussed in Section 4.1.2. The skin friction drag does not change significantly with the
angle of attack. However, an increase in pressure jump across the actuator disk increases the skin friction
drag coefficient in the regions located inside the slipstream as seen by comparing Figs. 6.12(a) and 6.12(b).
The Cd,f distribution peaks near the edges of the actuator disk. While moving from the actuator disk
slipstream into freestream flow along the span, there exists a shear layer increasing the local shear in these
regions. The increase in local shear due to the velocity gradient along the span increases the Cd,f in these
regions.
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6.2.2 Spanwise Cd,p Distribution
The pressure drag coefficient, as shown by the dashed lines in Fig. 6.9, contributes significantly to the total
drag coefficient of the lifting surface. In the regions downstream of the actuator disk, Cd,p is higher than
the outer sections of the lifting surface because the pressure field inside the slipstream is greater than the
freestream flow primarily due to the Stagnation Pressure Effect (as discussed in Section 4.1.2) acting on the
airfoil sections located inside the slipstream. The Stagnation Pressure Effect can be confirmed by looking
at the pressure force plots around the airfoil sections as shown in Fig. 6.13. The airfoils sections inside
the slipstream experience flow with higher stagnation pressure, and hence a stronger magnitude of pressure
forces can be observed acting in the drag direction in Fig. 6.13. There is a sharp drop in Cd,p between the
airfoil sections in the slipstream and outside of it.
In the regions located outside the actuator disk slipstream, there is a significant jump when α is changed
from 4 to 8 deg. As previously mentioned, some boundary-layer separation is observed near the wall airfoil
sections as shown in Figs. 6.7(e) and 6.7(f) at α of 8 deg which leads to a higher Cd,p. The flow separation
leads to airfoil stall which also leads to an increase in pressure drag. The magnitude of pressure forces in the
drag direction around end wall airfoil sections also increase significantly as the angle of attack is increased
from 4 deg to 8 deg, as seen in Fig. 6.13. Also, as compared with the Cd,p at the wall airfoil sections, the
center span Cd,p increases significantly with the angle of attack indicating an increasing contribution from
the tilted circulation force vector toward drag as discussed in Section 4.1.2.
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Figure 6.13: Comparison of pressure forces around airfoil sections for the three-dimensional configuration
cases (a) WD-001 (∆Cp = 3.4), α = 0 deg, (b) WD-002 (∆Cp = 6.8), α = 0 deg, (c) WD-001 (∆Cp = 3.4),
α = 4 deg, (d) WD-002 (∆Cp = 6.8), α = 4 deg, (e) WD-001 (∆Cp = 3.4), α = 8 deg, and (f) WD-
002 (∆Cp = 6.8), α = 8 deg.
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Figure 6.14: Aerodynamic data for configurations WD-001 (∆Cp = 3.4) and WD-002 (∆Cp = 6.8) in terms
of (a) three-dimensional drag polar, and (b) CL/CD vs α.
The three-dimensional drag polar of the lifting surface as obtained from Eq. 5.3(b) is shown in Fig. 6.14(a).
The overall drag coefficient of the lifting surface increases with an increase in ∆Cp due to the increase in
the pressure and skin friction drag coefficient on the airfoil sections located inside the slipstream. Due to
a significant increase in CD with ∆Cp, as compared to CL, the lift-to-drag ratio of the lifting surface goes
down as the slipstream strength increases as seen in Fig. 6.14(b).
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Chapter 7
Conclusions and Future Work
The aim of this study was to carry out an aerodynamic analysis of lifting surfaces in slipstreams to capture
various slipstream effects on lifting surfaces. Analyzing the data from the two-dimensional computational
methods determined the reasons for an increase in aerodynamic coefficients of the lifting surface in the pres-
ence of a slipstream. A parametric study enabled the capture of various slipstream effects quantified by the
changes in stagnation pressure, local velocity, slipstream contraction, local angle of attack, and downstream
distance that altered the performance of the lifting surface. The results from the three-dimensional analysis
were used to capture the impact of the slipstream on the spanwise variation of lift and drag coefficients. The
following sections present the conclusions arising from this study and possible future work.
7.1 Conclusions
From the two-dimensional computational analyses, it was evident that the lift and drag coefficients of
the airfoil were increased in the presence of an actuator line as compared with the clean configuration.
The slipstream effects presented in this document highlight the reasons for the increase in aerodynamic
coefficients of the lifting surface situated in the wake of a propeller due to pressure and friction forces.
Through meticulous examination of the results with varying ∆Cp, it was found that an increase in pressure
drag of the airfoil was a result of the pressure field inside the slipstream introduced by the actuator line. The
high-speed flow of the propeller wash also caused the tilting of the lift vector in the downstream direction
and resulted in drag due to lift, termed as induced drag. Relatively higher flow velocity in the slipstream
as compared with the freestream increased the dynamic pressure around the airfoil, and thus led to a
higher Cd. An increase in lift due to the high-speed flow induced on airfoil surface by the actuator line,
when nondimensionalized by freestream dynamic pressure, consequently increased the Cl at a given angle
of attack and thereby the lift-curve slope as compared with the clean configuration. The airfoil section did
not stall since the local angle of attack did not reach high stall angles. The lift-curve slope stayed mainly
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linear throughout the angle of attack range of 0 to 12 deg. As the pressure jump across the actuator line
increased, the increase in Cl and Cd became more significant.
The increase in DA/c ratio from 0.5 to 1.5 increased the airfoil Cl due to the Suction Effect. Velocity
and acceleration of the slipstream flow below the airfoil surface near the leading edge increased when the
value of DA/c was small as compared to the baseline configuration. The increase in flow velocity led to
low Cp values on the lower surface of the airfoil and hence increased the suction forces near the leading
edge on the airfoil surface. The aerodynamic effect of slipstream on the lifting surface due to a smaller
slipstream size was termed as the Suction Effect. Higher Suction Effect due to small DA/c values also
led to a reduction in airfoil Cd. The components of pressure forces along the direction of drag reduced
leading to an increase in suction forces with a decrease in D/c values at all angles of attack. The slipstream
contraction ratio was used to quantify the Suction Effect. More negative values of slipstream contraction
ratio meant stronger Suction Effect leading to lower Cl and Cd values. As the slipstream contracted more,
the pressure went down on the lower surface leading to a lower lift and drag. As the diameter-to-chord ratio
increased, the slipstream contraction ratio increased, which reduced the Suction Effect leading to an increase
in aerodynamic coefficients.
The increase in l/c ratio from 0.125 to 1 increased the airfoil Cl due to the Virtual Camber Effect. The
turning of the flow due to the actuator line decreased far downstream, and the slipstream flow direction
became more parallel to the freestream flow. The airfoil was immersed in a curved flow as the downstream
distance increased leading to the addition of virtual camber. Hence, there was an increase in the local angle
of attack of the airfoil when it was shifted further downstream of the actuator line. Due to the addition of
virtual camber, the lift coefficient saw an increase with a higher l/c. With an increase in l/c, the edge velocity
around the airfoil increased, and the components of pressure forces in the freestream direction decreased
leading to an increase in suction forces around the airfoil leading edge. Also, the relative flow at the airfoil
being almost parallel to the freestream flow, reduced the tilting of the lift vector and consequently reduced
the induced drag. As a result, the airfoil Cd decreased with an increase in downstream distance between the
airfoil leading edge and the actuator line center.
The increase in h/DA ratio from −0.25 to 0.25 decreased the airfoil Cl due to the Local Angle of Attack
Effect. There was a downwards shift in the lift curve and, the slope remained linear when the value of
h/DA was increased. Upon moving the location of the airfoil above the actuator line center, the angle of the
slipstream flow arriving at the airfoil was negative resulting in negative Cl values. The slipstream affecting
the local flow around the airfoil leading edge due to different h/DA values was termed as the Local Angle
of Attack Effect. The vertical location of the airfoil also affected the tilting of the lift vector and thus the
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induced drag. For negative h/DA values, the local flow arrived on the airfoil at an angle much steeper than
the geometric angle of attack, and the airfoil experienced induced thrust leading to a decrease in the total
drag coefficient. As a result, the low wing configurations were found to be aerodynamically more efficient
than high wing configurations due to the Local Angle of Attack Effect brought on by the slipstream.
Quasi three-dimensional analysis consisting of a circular actuator disk and a lifting surface located be-
tween two no-flux walls showed a similar behavior of airfoil spanwise coefficients as the two-dimensional
coefficients. Spanwise lift and drag coefficients were higher in regions located in the wake of the actuator
disk as compared with the sections located outside the slipstream. Clean airfoil behavior with relatively
lower aerodynamic coefficients and aerodynamic stall was observed in regions located outside the propeller
slipstream. However, due to change in lift across the span, two strong counter-rotating trailing vortices were
induced at the edge of the actuator disk slipstream on the lifting surface. These strong vortices introduced
downwash in regions located within the propeller slipstream and led to vortex-induced drag. The upwash
in sections located outside the propeller slipstream affected the aerodynamic performance by introducing
vortex-induced thrust and early onset of aerodynamic stall as compared with the clean configuration. The
aerodynamic coefficients and their trends with changing ∆Cp, DA/c, l/c, h/DA, and α helped identify
important slipstream effects while considering the aerodynamics of propeller/wing interaction.
7.2 Future Work
The results and effects interpreted from the current study have applications towards distributed propulsion
systems and small-scale UAVs with propellers and wing in tractor configuration. Consideration of the
aerodynamic effects due to the interaction between the propeller and the lifting surface will enable the
designer to select a better configuration. However, most of the analysis presented here is two-dimensional.
Hence a parametric study for DA, l, and h as well as the lifting surface span could be carried out in three-
dimensions to account for the various effects on spanwise coefficients. In the current study, the rotation of
the propeller was ignored due to the assumption of actuator disk model. However, the addition of propeller
rotation and radial loading in the fan boundary condition can be accounted for in the three-dimensional
analysis.
Due to limited computational resources, no-flux boundary conditions were used to simplify the three-
dimensional study. It led to an analysis of lifting surface with an infinite span and an infinite array of
propellers due to mirroring effect of the boundary conditions. With the availability of more resources, future
work could also involve an extensive study on the aerodynamic performance of a limited span lifting surface in
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the wake of a propeller slipstream. Instead of using the fan boundary conditions, actual propeller blades can
be modeled using a rotating mesh to verify some of the previous methods and get more accurate predictions
of aerodynamic coefficients.
The three-dimensional geometry results presented in this study could be verified using experiments
in the wind tunnel. Advanced experimental methods such as PIV can be used to capture and confirm
the slipstream effects mentioned in this study. In addition, an experiment can be designed to analyze a
wing located downstream of a propeller, and aerodynamic coefficients can be measured and compared with
computational results for further analysis. In the end, it is necessary to develop a model that can quickly
predict the aerodynamic interaction between propeller and wing for different configurations. The model may
have tremendous applications in preliminary aircraft design and flight simulations.
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Appendix A
Tabulated Airfoil Coordinates
Table A.1: Original SD8020 Airfoil Coordinates (61 points)
x y x y
1.00000 0.00000 0.00276 -0.00645
0.99646 0.00027 0.01066 -0.01345
0.98625 0.00131 0.02319 -0.02041
0.97017 0.00330 0.04024 -0.02697
0.94885 0.00591 0.06180 -0.03287
0.92247 0.00876 0.08774 -0.03802
0.89118 0.01188 0.11790 -0.04233
0.85538 0.01532 0.15204 -0.04574
0.81560 0.01908 0.18987 -0.04824
0.77237 0.02308 0.23107 -0.04982
0.72627 0.02722 0.27524 -0.05051
0.67789 0.03135 0.32197 -0.05034
0.62777 0.03535 0.37077 -0.04938
0.57647 0.03909 0.42117 -0.04769
0.52456 0.04246 0.47262 -0.04536
0.47261 0.04536 0.52457 -0.04246
0.42116 0.04770 0.57648 -0.03908
0.37077 0.04938 0.62778 -0.03534
0.32196 0.05034 0.67790 -0.03135
0.27523 0.05051 0.72629 -0.02722
0.23106 0.04982 0.77238 -0.02308
0.18987 0.04824 0.81561 -0.01907
0.15203 0.04574 0.85539 -0.01532
0.11789 0.04233 0.89119 -0.01188
0.08774 0.03802 0.92248 -0.00876
0.06179 0.03287 0.94886 -0.00591
0.04024 0.02697 0.97018 -0.00330
0.02318 0.02041 0.98626 -0.00131
0.01065 0.01345 0.99647 -0.00027
0.00276 0.00645 1.00000 0.00000
0.00000 0.00000
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Table A.2: SD8020 Airfoil Coordinates after XFOIL Modification (161 points)
x y x y x y x y
1.000000 0.000000 0.279302 0.050529 0.136034 -0.044302 0.869473 -0.013977
0.994107 0.000479 0.264753 0.050428 0.150012 -0.045572 0.884274 -0.012552
0.983389 0.001646 0.250235 0.050233 0.164113 -0.046665 0.899038 -0.011111
0.970663 0.003237 0.235748 0.049938 0.178303 -0.047596 0.913740 -0.009649
0.956848 0.004960 0.221301 0.049537 0.192571 -0.048377 0.928333 -0.008155
0.942711 0.006608 0.206906 0.049020 0.206906 -0.049020 0.942712 -0.006609
0.928332 0.008154 0.192571 0.048377 0.221301 -0.049536 0.956849 -0.004961
0.913738 0.009648 0.178302 0.047596 0.235748 -0.049938 0.970663 -0.003239
0.899038 0.011111 0.164111 0.046666 0.250235 -0.050233 0.983386 -0.001647
0.884275 0.012551 0.150010 0.045573 0.264754 -0.050428 0.994107 -0.000481
0.869470 0.013975 0.136033 0.044303 0.279302 -0.050529 1.000000 0.000000
0.854637 0.015391 0.122207 0.042836 0.293878 -0.050542
0.839792 0.016800 0.108568 0.041151 0.308480 -0.050472
0.824952 0.018202 0.095168 0.039223 0.323108 -0.050326
0.810116 0.019593 0.082075 0.037031 0.337754 -0.050110
0.795283 0.020972 0.069422 0.034561 0.352413 -0.049826
0.780450 0.022340 0.057390 0.031816 0.367085 -0.049477
0.765620 0.023696 0.046304 0.028838 0.381769 -0.049067
0.750798 0.025037 0.036478 0.025708 0.396465 -0.048599
0.735987 0.026362 0.028190 0.022584 0.411174 -0.048075
0.721186 0.027665 0.021503 0.019625 0.425894 -0.047500
0.706390 0.028947 0.016270 0.016930 0.440621 -0.046876
0.691595 0.030205 0.012195 0.014483 0.455353 -0.046205
0.676802 0.031440 0.008996 0.012264 0.470088 -0.045488
0.662012 0.032650 0.006464 0.010229 0.484826 -0.044726
0.647228 0.033834 0.004449 0.008338 0.499569 -0.043920
0.632449 0.034990 0.002847 0.006558 0.514316 -0.043073
0.617674 0.036116 0.001607 0.004855 0.529067 -0.042185
0.602901 0.037211 0.000713 0.003195 0.543824 -0.041258
0.588131 0.038274 0.000176 0.001572 0.558586 -0.040295
0.573363 0.039304 0.000001 -0.000001 0.573354 -0.039296
0.558597 0.040300 0.000176 -0.001573 0.588126 -0.038264
0.543835 0.041261 0.000712 -0.003196 0.602901 -0.037200
0.529077 0.042185 0.001607 -0.004855 0.617679 -0.036105
0.514321 0.043071 0.002847 -0.006558 0.632459 -0.034981
0.499569 0.043918 0.004449 -0.008336 0.647241 -0.033828
0.484820 0.044724 0.006465 -0.010226 0.662024 -0.032648
0.470076 0.045488 0.008998 -0.012259 0.676810 -0.031440
0.455339 0.046209 0.012198 -0.014478 0.691599 -0.030207
0.440610 0.046884 0.016274 -0.016925 0.706391 -0.028948
0.425891 0.047510 0.021509 -0.019623 0.721188 -0.027667
0.411181 0.048084 0.028196 -0.022584 0.735990 -0.026364
0.396477 0.048604 0.036482 -0.025709 0.750798 -0.025040
0.381780 0.049069 0.046303 -0.028838 0.765613 -0.023698
0.367091 0.049477 0.057389 -0.031813 0.780436 -0.022340
0.352414 0.049824 0.069425 -0.034560 0.795269 -0.020968
0.337752 0.050109 0.082079 -0.037031 0.810112 -0.019584
0.323106 0.050326 0.095168 -0.039223 0.824962 -0.018193
0.308479 0.050472 0.108565 -0.041150 0.839808 -0.016795
0.293878 0.050542 0.122206 -0.042835 0.854648 -0.015390
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Appendix B
Additional Plots for Parameter ∆Cp
Additional plots of wake characteristics for different values of ∆Cp are shown in this appendix. ∆P0 and
V at wake stations 3 and 4 are shown in Figs. B.1–B.4. The variable P as obtained from Eq. 3.11 at wake
stations 1 to 6 is shown in Figs. B.5–B.8
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Figure B.1: Comparison of ∆P0 measurement in the wake at (a) Station 3, α= 0 deg, (b) Station 3, α= 4 deg,
(c) Station 5, α = 0 deg, (d) Station 5, α = 4 deg, (e) Station 3, α = 8 deg, and (f) Station 3, α = 12 deg.
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Figure B.2: Comparison of ∆P0 measurement in the wake at (a) Station 5, α = 8 deg, and (b) Station 5,
α = 12 deg.
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Figure B.3: Comparison of V measurement in the wake at (a) Station 3, α = 0 deg, (b) Station 3, α = 4 deg,
(c) Station 5, α = 0 deg, (d) Station 5, α = 4 deg, (e) Station 3, α = 8 deg, and (f) Station 3, α = 12 deg.
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Figure B.4: Comparison of V measurement in the wake at (a) Station 5, α = 8 deg, and (b) Station 5,
α = 12 deg.
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Figure B.5: Comparison of P measurement in the wake at (a) Station 1, α = 0 deg, (b) Station 1, α = 4 deg,
(c) Station 2, α = 0 deg, (d) Station 2, α = 4 deg, (e) Station 3, α = 0 deg, and (f) Station 3, α = 4 deg.
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Figure B.6: Comparison of P measurement in the wake at (a) Station 1, α = 8 deg, (b) Station 1, α = 12 deg,
(c) Station 2, α = 8 deg, (d) Station 2, α = 12 deg, (e) Station 3, α = 8 deg, and (f) Station 3, α = 12 deg.
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Figure B.7: Comparison of P measurement in the wake at (a) Station 4, α = 0 deg, (b) Station 4, α = 4 deg,
(c) Station 5, α = 0 deg, (d) Station 5, α = 4 deg, (e) Station 6, α = 0 deg, and (f) Station 6, α = 4 deg.
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Figure B.8: Comparison of P measurement in the wake at (a) Station 4, α = 8 deg, (b) Station 4, α = 12 deg,
(c) Station 5, α = 8 deg, (d) Station 5, α = 12 deg, (e) Station 6, α = 8 deg, and (f) Station 6, α = 12 deg.
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